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were	 identified,	 along	 with	 the	 presence	 of	 hydroxylated	 transformation	 products	 of	
polybrominated	 diphenyl	 ethers	 (PBDEs).	 Further,	 the	 employed	 technique	 facilitates	 the	
precise	identification	of	metabolites	and	degradation	products	formed	through	in	vitro	and	
photodegradation	studies.	This	provides	valuable	insight	into	the	transformation	mechanisms	
of	 NBFRs,	 including	 hydroxylation	 and	 debromination	 reactions.	 While	 2,3,4,5-
tetrabromobenzoic	 acid	 (TBBA)	 was	 the	 major	 metabolite	 of	 2-ethylhexyl-2,3,4,5-
tetrabromobenzoate	 (EH-TBB),	 1,2-dibromo-4-(1,2-dibromoethyl)cyclohexane	 (DBE-DBCH)	
was	 biotransformed	 to	 monohydroxy-DBE-DBCH	 and	 monohydroxy-triDBE-DBCH	 in	 trout	
liver	 microsomes.	 Photolysis	 of	 investigated	 NBFRs	 resulted	 in	 the	 formation	 of	 lower	
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Figure	 3-6.	 Mass	 defect	 plot	 of	 simulated	 isotopic	 patterns	 of	 brominated	 (hexaBDE),	
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they	 can	 be	 divided	 into	 organohalogen	 (organochlorine,	 organobromine)	 and	
organophosphorus	 compounds.	 This	 review	will	 focus	 on	 the	 first	 of	 these	 classes,	with	 a	
special	emphasis	on	emerging	organobrominated	chemicals.		
While	there	are	indications	that	the	use	of	flame	retardants	saves	lives	and	reduces	economic	
loss	 [1],	 consumer	 safety	 benefits	 against	 possible	 risks	 is	 still	 debated	 [2].	 Potential	 risks	
include	adverse	effects	on	animals	and	humans,	which	are	compounded	by	environmental	
persistence	[3].	
The	mechanism	 of	 action	 of	 brominated	 flame	 retardants	 (BFRs)	 relies	 on	 their	 ability	 to	
quench	the	radical	oxidation	reactions	that	occur	during	combustion,	by	reacting	with	H	and	
HO	 radicals.	 In	 these	 reactions	 bromine	 is	 released	 [1].	 Hence	 it	 is	 assumed	 that	 similar	
debromination	reactions	or	the	release	of	radicals	take	place	also	in	the	environment	[4].		
Chemical	 stability	 and	 persistence,	 bioaccumulative	 characteristics,	 semi-volatility	 and	
observed	ubiquity	through	the	ability	to	circulate	globally	via	the	atmosphere,	a	phenomenon	








The	 most	 extensively	 used	 BFRs	 include:	 tetrabromophisphenol	 A	 (TBBPA),	
hexabromocyclododecane	 (HBCDD)	 and	 three	 commercial	 technical	 mixtures	 of	
polybrominated	 diphenyl	 ethers	 (PBDEs),	 namely	 pentabromo	 diphenyl	 ether	 (pentaBDE),	
octabromo	diphenyl	ether	(octaBDE)	and	decabromodiphenyl	ether	(decaBDE)	[3].	Within	the	
European	 Union,	manufacture	 and	 new	 use	 of	 pentaBDE	 and	 octaBDE	 formulations	were	
prohibited	in	2004,	and	these	formulations	were	listed	under	the	UNEP	Stockholm	Convention	
on	persistent	organic	pollutants	(POPs)	in	2009	[6].	Restrictions	on	the	manufacture	and	use	
of	 decaBDE	 have	 followed,	 and	 it	 was	 listed	 in	 2017	 under	 Annex	 A	 of	 the	 Stockholm	
Convention	[7].	A	key	consideration	with	respect	to	its	possible	listing	under	the	Stockholm	
Convention,	 is	 the	 potential	 of	 decaBDE	 to	 form	 lower	 BDEs	 by	 various	 debromination	
processes	 [4].	Further,	HBCDD	was	 listed	under	Annex	 I	of	 the	POP	regulation	 in	2013	 [8].	
Although	TBBPA	 is	not	considered	 for	 inclusion	 in	 the	POPs	 list,	 since	 it	does	not	 fulfil	 the	
persistence	 criteria,	 it	 has	 been	 classified	 as	 Class	 2A	 carcinogenic	 to	 humans	 by	 the	
















several	 years	 and	 are	 now	 finding	 an	 increase	 in	 production	 due	 to	 use	 as	 replacement	
products.	These	chemicals	are	commonly	referred	to	as	novel	brominated	flame	retardants	
(NBFRs),	with	the	word	“novel”	relating	to	their	new	presence	on	the	market,	as	well	as	their	
recent	 observation	 in	 environmental	 samples	 [4].	 In	 addition,	 terms	 such	 as:	 “alternate”,	




Recent	 publications	 have	 focused	 on	 the	 analysis,	 presence	 and	 environmental	 fate	 and	
behaviour	of	NBFRs	[14,	16,	17],	as	well	as	their	bioaccumulative	behaviour	and	presence	in	









[19].	 The	 replacement	 of	 legacy	 PBDEs	 by	 NBFRs	 is	 not	 yet	 evident	 in	 all	 environmental	
compartments.	A	correlation	analysis	 in	 the	atmospheric	environment	 for	example	did	not	
indicate	 the	 replacement	 of	 decaBDE	 by	 DBDPE	 or	 the	 penta-BDE	 technical	 mixture	 by	
Firemaster	550	 [20].	Therefore,	more	 studies	on	NBFRs	are	needed	 to	better	explain	 their	












addressing	 these	 chemicals.	 To	approach	 this	 issue	and	 implement	a	 common	vocabulary,	
Bergman	et	al.	proposed	a	standardized	abbreviation	list	for	flame	retardants,	as	well	as	for	
other	halogenated	chemicals	 [10].	 It	was	suggested	to	use	practical	abbreviations	 (PRABs),	
rather	 than	 structural	 abbreviations	 (STABs),	 which	 are	 often	 long	 and	 complicated.	
Therefore,	in	this	thesis,	this	suggested	nomenclature	will	be	applied.		
	 5	
In	 terms	 of	 analysis	 techniques,	 high	 resolution	mass	 spectrometry	 (HRMS)	 is	 becoming	 a	
popular	 and	 relevant	 method	 for	 the	 detection	 of	 small	 molecules	 including	 emerging	






The	 environmental	 behaviour	 of	 legacy	BFR	 (LBFRs)	 such	 as	 PBDEs	 has	 been	described	by	
Watanabe	 et	 al.	 [23].	 In	 the	 absence	 as	 yet	 of	 sufficient	 information	 for	 NBFRs,	 these	
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factor	 (BAF)	 determination	 in	 aquatic	 species	 from	 a	 natural	 pond	 in	 an	 electronic	 waste	
























environment,	 studies	 in	 the	 UK	 [35],	 Sweden	 [36]	 and	 Canada	 [37]	 indicate	 that	 PBDEs	
contained	in	indoor	airborne	air,	vapour	and	particulate	matter	are	a	source	to	the	outdoor	
environment.	 Indoor	air	 can	 travel	unaltered	 through	ventilation	 systems	 to	 the	outdoors.	
Through	these	processes	the	wider	environment	is	affected,	with	possible	contamination	of	










BTBPE,	 referred	to	as	TBE	 in	older	studies,	 is	an	additive	 flame	retardant	and	marketed	as	
FF-680	 by	 the	 Great	 Lakes	 Chemical	 Corporation	 in	 Arkansas,	 USA	 [39].	 It	 is	 a	 part	 of	
tribromophenoxy	flame	retardants,	a	group	of	structurally	similar	compounds	which	include	
also	 2,3-dibromopropyl-2,4,6-tribromophenyl	 ether	 (TBP-DBPE,	 previously	 DPTE),	 2-allyl-





Others	 state	 its	 first	 observation	 in	 the	 environment	 was	 in	 1977,	 but	 more	 increased	
attention	to	its	occurrence	only	started	from	around	2005	[40].	BTBPE	levels	increased	until	
1985	 and	 stayed	 constant	 thereafter.	 Reports	 on	 production	 volume	 stated	 that	 between	
1986	and	1994,	an	estimated	4,500-22,500	t	of	BTBPE	was	produced	per	year,	declining	to	
450-4,500	t	per	year	after	1998	[39].	However,	since	around	2004	BTBPE	was	employed	as	a	





site	 with	 0.30	 pg/m3,	 in	 relative	 proximity	 to	 Great	 Lakes	 Chemical	 and	 Albemarle	 BFR	
manufacturers.	 Further	 high	BTBPE	 levels	 correlated	with	 high	 levels	 of	 decaBDE,	 possibly	


































while	 both	 compounds	were	 absent	 in	 soil	 samples	 of	 the	UK	 [60].	 In	 human	 breast	milk	








































chemical	 (LPVC	 /	 HPVC)	 in	 the	 European	 Union	 [45].	 The	 chemical	 is	 constituted	 of	 four	
diastereomers	of	which	α	and	β	are	the	principal	components	in	roughly	equal	proportions	
within	the	technical	mixture.	The	formation	through	isomerization	of	the	other	isomers,	γ	and	
δ,	 can	 occur	 at	 elevated	 temperatures	 greater	 than	 120	 °C.	 All	 of	 these	 four	 isomers	 are	
reported	as	endocrine	disruptors	[18].	With	respect	to	environmental	contamination,	Nyholm	
et	al.	report	the	presence	of	DBE-DBCH	at	low	levels	in	sewage	water,	waste	water	and	sewage	















Sample		 Target	compounds	 Mean	(Conc.	Range)	 Region	 Ref.	
Ambient	Air	 åtetra-hepta	PBDEs	 1.4	(0.8-5.4)	 Sweden	 [93]	
pg/m3	 åtri-hepta	PBDEs	 nr	(6.8-66)	 UK	 [60]	
	 åtri-hepta	PBDEs	 129	(44-232)	 China	 [43]	
	 BDE-209	 0.1	(0.03-0.6)	 Sweden	 [93]	
	 BDE-209	 nr	(92-370)	 UK	 [60]	
	 BDE-209	 2,772	(196-9,261)	 China	 [43]	
	 åHBCDDs	 0.1	(<0.03-0.6)	 Sweden	 [93]	
	 åHBCDDs	 1.6	(0.2-11)	 USA	 [41]	
	 åHBCDDs	 nr	(64-130)	 UK	 [60]	
	 BTBPE	 0.1	(<0.03-0.5)	 Sweden	 [93]	
	 BTBPE	 3.4	(0.06–70)	 USA	 [41]	
	 BTBPE	 31	(3.8–67)	 China	 [43]	
	 DBDPE	 0.2	(<0.1-0.3)	 Sweden	 [93]	
	 DBDPE	 1,916	(402–3,578)	 China	 [43]	
	 BEH-TEBP	 0.1	(<0.03-0.5)	 Sweden	 [93]	
	 PBT	 0.2	(0.1-0.5)	 Sweden	 [93]	
	 DBE-DBCH	 nr	(2.5-9.3)	 UK	 [60]	
	 DBE-DBCH	 0.5	(0.2-2.4)	 Sweden	 [93]	
Indoor	air	 åtri-hepta	PBDEs	 357	(2.4-4,682)	 UK	 [49]	
pg/m3	 åtetra-hepta	PBDEs	 62	(<13-107)	 Sweden	 [93]	
	 BDE-209	 660	(23-3,800)	 UK	 [49]	
	 BDE-209	 48	(<31-130)	 Sweden	 [93]	
	 åHBCDDs	 320	(19-1,500)	 UK	 [49]	
	 åHBCDDs	 3.1	(<1.3-19)	 Sweden	 [93]	
	 BTBPE	 11	(<1.0-50)	 UK	 [49]	
	 16	
Table	1-2	continued	 	 	 	
	 DBDPE	 26	(<10-97)	 UK	 [49]	
	 DBDPE	 79	(<90-250)	 Sweden	 [93]	
	 BEH-TEBP	 10	(<0.1-130)	 UK	 [49]	
	 BEH-TEBP	 42	(<35-150)	 Sweden	 [93]	
	 EH-TBB	 4.8	(0.05-44)	 UK	 [49]	
	 PBEB	 1.6	(0.4-5.4)	 UK	 [49]	
	 PBT	 17	(2.3-63)	 UK	 [49]	
	 PBT	 10	(2.6-29)	 Sweden	 [93]	
	 DBE-DBCH	 173	(30-600)	 UK	 [49]	
	 DBE-DBCH	 43	(7-130)	 Sweden	 [93]	
	 TBP-DBPE	 3.5	(<0.4-14)	 UK	 [49]	
dust	 åtri-hepta	PBDEs	 60	(18-116)	 UK	 [61]	
ng/g	dw	 åtri-hepta	PBDEs	 65	(6-257)	 UK	 [49]	
	 åtri-hexa	PBDEs	 77	(7.1-250)	 UK	 [48]	
	 åtetra-octa	PBDEs	 73	(1.7-1,370)	 Belgium	 [62]	
	 åtetra-hepta	PBDEs	 345	(<5.4-436)	 Sweden	 [93]	
	 åtetra-hepta	PBDEs	 nr	(65-1,288)	 China	 [43]	
	 BDE-209	 2,986	(1,637-4,035)	 UK	 [61]	
	 BDE-209	 34,000	(160-370,000)	 UK	 [49]	
	 BDE-209	 260,000	(<dl-2,200,000)	 UK	 [48]	
	 BDE-209	 604	(15-5,295)	 Belgium	 [62]	
	 BDE-209	 nr	(1,736-4,408)	 China	 [43]	
	 BDE-209	 90	(<1.3-2,600)	 Sweden	 [93]	
	 åHBCDDs	 190	(17-2,900)	 Sweden	 [93]	
	 åHBCDDs	 8,300	(50-110,000)	 UK	 [49]	
	 åHBCDDs	 138	(<10-11,070)	 USA	 [63]	
	 BTBPE	 19	(<2.8-61)	 UK	 [61]	
	 BTBPE	 14	(0.01-110)	 UK	 [49]	
	 BTBPE	 120	(<dl-1,900)	 UK	 [48]	
	 BTBPE	 303	(55-2,126)	 Belgium	 [62]	
	 BTBPE	 48	(4.7-651)	 USA	 [63]	
	 BTBPE	 nr	(15-232)	 China	 [43]	
	 BTBPE	 13	(<0.8-150)	 Sweden	 [93]	
	 DBDPE	 195	(11-700)	 UK	 [61]	
	 DBDPE	 240	(<1.2-2,300)	 UK	 [49]	
	 DBDPE	 270	(<dl-3,400)	 UK	 [48]	
	 DBDPE	 303	(55-2,126)	 Belgium	 [62]	
	 DBDPE	 354	(4.5-130,200)	 USA	 [63]	
	 DBDPE	 nr	(<2.5-139)	 China	 [43]	
	 DBDPE	 21	(<0.4-2,220)	 Sweden	 [93]	
	 17	
Table	1-2	continued	 	 	 	
	 BEH-TEBP	 746	(80-3,187)	 UK	 [61]	
	 BEH-TEBP	 240	(<1.2-2,300)	 UK	 [49]	
	 BEH-TEBP	 212	(<2-436)	 Belgium	 [62]	
	 BEH-TEBP	 234	(3-10,630)	 USA	 [63]	
	 BEH-TEBP	 160	(<33-1,500)	 Sweden	 [93]	
	 EH-TBB	 11	(<2.5-65)	 Sweden	 [93]	
	 EH-TBB	 9	(4-23)	 UK	 [61]	
	 EH-TBB	 21	(<0.01-85)	 UK	 [49]	
	 EH-TBB	 20	(<2-436)	 Belgium	 [62]	
	 EH-TBB	 322	(<6.6-15,030)	 USA	 [63]	
	 PBEB	 2.3	(<0.01-21)	 UK	 [49]	
	 PBT	 0.9	(<0.07-5.5)	 Sweden	 [93]	
	 PBT	 7.1	(<0.01-300)	 UK	 [49]	
	 DBE-DBCH	 0.9	(<0.07-3.8)	 Sweden	 [93]	
	 DBE-DBCH	 21	(2.9-131)	 UK	 [49]	
	 TBP-DBDPE	 6.6	(<0.05-47)	 UK	 [49]	
Sewage		 åtri-hepta	PBDEs	 nr	(12-69)	 China	 [43]	
sludge	 åtri-hepta	PBDEs	 nr	(4.1-135)	 Greenland	 [45]	
ng/g	dw	 åtri-hepta	PBDEs	 527	(21-2326)	 Spain	 [81]	
	 BDE-209	 30,000	(1,227-64,559)	 China	 [43]	
	 BDE-209	 nr	(88-326)	 Greenland	 [45]	
	 BDE-209	 nr	(32-292)	 Spain	 [58]	
	 BDE-209	 nr	(466-1,860)	 Canada	 [59]	
	 BDE-209	 539	(nd-2,303)	 Spain	 [81]	
	 BTBPE	 nr	(0.7-1.4)	 Greenland	 [45]	
	 BTBPE	 nr	(0.3-17)	 China	 [43]	
	 BTBPE	 10,200	(nr)	 USA	 [46]	
	 DBDPE	 nr	(1.9-6.3)	 Greenland	 [45]	
	 DBDPE	 nr	(1,690-4,820)	 USA	 [46]	
	 DBDPE	 nr	(0.2-15)	 Spain	 [58]	
	 DBDPE	 	nr	(5.6-32)	 Canada	 [59]	
	 DBDPE	 81	(nd-257)	 Spain	 [81]	
	 DBDPE	 220	(nr)	 Germany	 [28]	
	 DBDPE	 1183	(266-1,995)	 China	 [43]	
	 BEH-TEBP	 33,500	(nr)	 USA	 [46]	
	 EH-TBB	 89,900	(nr)	 USA	 [46]	
	 PBEB	 0.3	(nd-2.3)	 Spain	 [81]	
	 DBE-DBCH	 nr	(0.6-1.4)	 Greenland	 [45]	
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Table	1-2	continued	 	 	 	
Sediments	 åtri-hepta	PBDEs	 nr	(2.9-133)	 China	 [43]	
ng/g	dw	 åhepta-deca	PBDEs	 nr	(2.2-219)	 Italy	 [94]	
	 åtri-hepta	PBDEs	 2.8	(nr)	 Canada	 [40]	
	 åtri-hepta	PBDEs	 nr	(0.7-7.6)	 China	 [95]	
	 åtri-hepta	PBDEs	 0.3	(0.02-1.3)	 China	 [27]	
	 åtetra-hepta	PBDEs	 12	(2.7-32)	 China	 [89]	
	 BDE-209	 nr	(33-2015)	 China	 [43]	
	 BDE-209	 nr	(77-5700)	 China	 [95]	
	 BDE-209	 25	(3.9-103)	 China	 [27]	
	 BDE-209	 nr	(0.5-4.7)	 Sweden	 [53]	
	 BDE-209	 nr	(1.0-88)	 Sweden	 [53]	
	 BDE-209	 14	(nr)	 Canada	 [40]	
	 BDE-209	 nr	(4.7-260)	 Netherlands	 [84]	
	 BDE-209	 nr	(0.9-106)	 USA	 [87]	
	 BDE-209	 4.6	(1.4-11)	 China	 [89]	
	 åHBCDDs	 nr	(<dl-24)	 Italy	 [94]	
	 åHBCDDs	 33	(<dl-186)	 Africa	 [42]	
	 åHBCDDs	 nr	(0.04-3.1)	 USA	 [87]	
	 åHBCDDs	 0.2	(0.1-0.4)	 China	 [89]	
	 BTBPE	 nr	(0.05-22)	 China	 [43]	
	 BTBPE	 6.7	(nr)	 Canada	 [40]	
	 BTBPE	 nr	(<dl-2.3)	 Italy	 [94]	
	 BTBPE	 6.7	(nr)	 Canada	 [40]	
	 BTBPE	 51	(<dl-310)	 Africa	 [42]	
	 BTBPE	 nr	(0.2-0.3)	 Netherlands	 [84]	
	 BTBPE	 nr	(0.1-8.3)	 USA	 [87]	
	 BTBPE	 0.02	(<0.02-0.08)	 China	 [89]	
	 DBDPE	 247	(39-364)	 China	 [43]	
	 DBDPE	 nr	(19-430)	 China	 [95]	
	 DBDPE	 6.4	(2.4-19)	 China	 [89]	
	 DBDPE	 nr	(3.3-280)	 Italy	 [94]	
	 DBDPE	 nr	(0.2-2.1)	 Sweden	 [53]	
	 DBDPE	 nr	(0.2-11)	 Sweden	 [53]	
	 DBDPE	 nr	(0.7-10)	 Netherlands	 [84]	
	 DBDPE	 nr	(0.1-2.8)	 USA	 [87]	
	 BEH-TEBP	 11	(<dl-60)	 Africa	 [42]	
	 BEH-TEBP	 1.0	(0.5-3.1)	 China	 [89]	
	 EH-TBB	 10	(<dl-56)	 Africa	 [42]	
	 EH-TBB	 0.4	(<0.2-1.1)	 China	 [89]	
	 DBE-DBCH	 nr	(0.05-1.4)	 USA	 [87]	
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Table	1-2	continued	 	 	 	
	 DBE-DBCH	 3.7	(0.9-8.5)	 China	 [89]	
	 PBEB	 0.3	(<0.07-1.9)	 China	 [27]	
	 PBT	 nr	(0.01-0.7)	 Netherlands	 [84]	
Soil	 åtri-hepta	PBDEs	 nr	(1.4-5.8)	 UK	 [60]	
ng/g	dw	 åtri-hepta	PBDEs	 nr	(3.7-6.7)	 China	 [43]	
	 åtetra-hepta	PBDEs	 1.4	(0.5-3.5)	 Sweden	 [93]	
	 BDE-209	 nr	(1.0-45)	 UK	 [60]	
	 BDE-209	 nr	(22-179)	 China	 [43]	
	 BDE-209	 2.7	(0.3-31)	 Sweden	 [93]	
	 BTBPE	 nr	(0.1-6.2)	 China	 [43]	
	 DBDPE	 nr	(0.15-1.0)	 UK	 [60]	
	 DBDPE	 nr	(4.56)	 China	 [43]	
	 DBDPE	 2.7	(0.2-160)	 Sweden	 [93]	
	 PBT	 0.01	(<0.009-0.02)	 Sweden	 [93]	
Arctic	biota	 BTBPE	 0.7	(<0.005-1.1)	 Norway	 [18]	
ng/g	ww	 DBDPE	 0.6	(<0.002-0.6)	 Norway	 [18]	
	 BEH-TEBP	 1.7	(<0.1-3.8)	 Norway	 [18]	
	 EH-TBB	 0.9	(0.2-4.3)	 Norway	 [18]	
	 DBE-DBCH	 0.06	(nr)	 Norway	 [18]	
Fish	 åtri-hepta	PBDEs	 nr	(43-212)	 China	 [43]	
ng/g	ww	 åtri-hepta	PBDEs	 91	(40-560)	 China	 [64]	
	 åtri-deca	PBDEs	 240	(128-427)	 Canada	 [51]	
	 åtri-deca	PBDEs	 nr	(42-420)	 Italy	 [82]	
	 åtri-deca	PBDEs	 2876	(nr)	 Canada	 [80]	
	 BDE-209	 nr	(9.6-212)	 China	 [43]	
	 BDE-209	 7.8	(0.9-260)	 China	 [64]	
	 åHBCDDs	 65	(37-84)	 Canada	 [51]	
	 åHBCDDs	 nr	(27-1232)	 Italy	 [82]	
	 BTBPE	 nr	(0.01-0.2)	 China	 [43]	
	 BTBPE	 0.8	(<dl-1.5)	 Canada	 [51]	
	 BTBPE	 nr	(<dl-23)	 Italy	 [82]	
	 DBDPE	 0.7	(<dl-3.3)	 Canada	 [51]	
	 DBDPE	 68	(nd-230)	 China	 [64]	
	 DBDPE	 27	 Canada	 [80]	
	 BEH-TEBP	 5.4	 Canada	 [80]	
	 PBEB	 nr	(<dl-0.9)	 Italy	 [82]	
Birds	 åtri-deca	PBDEs	 nr	(150-14,000)	 China	 [96]	
ng/g	lw	 BTBPE	 nr	(0.07-241)	 China	 [43]	






the	 environmental	 sources,	 fate,	 and	 behaviour	 of	 BFRs	 like	 PBDEs,	 HBCDDs,	 and	 TBBPA;	





of	 the	 degradation	 and	metabolic	 products	 of	 these	NBFRs.	 Enhanced	 knowledge	 of	 such	
degradation	 and	 metabolic	 products	 of	 both	 LBFRs	 and	 NBFRs	 will	 help	 direct	 future	
monitoring	of	the	extent	and	distribution	of	such	environmental	contamination,	and	inform	
the	development	of	legislation	to	limit	their	adverse	effects.		
This	 thesis	 will	 mainly	 focus	 on	 the	 presence	 and	 levels	 of	 target	 NBFRs	 in	 various	
environmental	 compartments,	 along	 with	 their	 possible	 transformation	 products.	 In	 the	





Table	1-2	continued	 	 	 	
	 DBDPE	 nr	(9.6-124)	 China	 [43]	
Bird	eggs	 åtri-hepta	PBDEs	 nr	(288-1,140)	 USA	 [52]	
ng/g	ww	 BDE-209	 nr	(4.5-20)	 USA	 [52]	
	 BTBPE	 nr	(<0.06-0.2)	 USA	 [52]	
	 DBDPE	 nr	(9.3-44)	 USA	 [52]	
	 DBE-DBCH	 nr	(0.1-0.5)	 USA	 [52]	
	 21	
can	 be	 assumed	 that	 the	 environmental	 fate	 of	 NBFRs	 is	 potentially	 comparable	 to	 their	
banned	BFR	counterparts.	Further,	some	NBFRs	are	found	in	the	Arctic,	thus	indicating	their	
capacity	for	long	range	atmospheric	transport	[16].	




leaching	 and	 volatilisation	 from	 land	 filled	 waste	 materials.	 2.	 Biotransformation	 in	 the	
environment	can	be	based	on	multiple	processes,	following	photolytic,	chemical,	as	well	as	
biological	pathways	as	will	be	described	later;	and	3.	TPs	can	possibly	have	higher	toxicity	and	



















the	 most	 studied	 and	 reported	 in	 literature.	 These	 degradation	 processes	 may	 lead	 to	 a	
change	of	 structure,	 together	with	 a	 change	 in	 the	 characteristics	 and	properties	of	 these	







[100].	 Both	 groups	 suggest	 that	 PBDEs	 are	 degraded	 under	UV	 light	 through	 a	 sequential	
dehalogenation	mechanism	and	undergo	reductive	debromination.	Experiments	with	HBCDDs	
in	 dust	 after	 indoor	 light	 exposure	 revealed	 a	 rapid	 photolytically-mediated	 shift	 from	
γ-HBCDD	to	α-HBCDD,	as	well	as	slower	degradative	 loss	of	HBCDDs	via	elimination	of	HBr	
[101].	While	no	debromination	or	isomerization	was	observed	for	HBCDDs	in	textiles	exposed	













Stiborova	 et	 al.	 reported	 [105]	 the	 biodegradation	 potential	 of	 microorganisms	 under	
anaerobic	conditions	for	PBDEs	and	HBCDDs,	which	can	be	found	in	landfill	sites	and	sewage	






the	 selection	 of	 certain	 of	 microbial	 species	 (Sulfurospirillum	 multivorans	 and	
Dehalococcoides)	when	exposing	them	to	PBDEs	[109].		
Hakk	 and	 Letcher	 reviewed	 the	 metabolism	 and	 toxicokinetics	 of	 several	 BFRs,	 including	
PBDEs,	 TBBPA,	 HBCDDs	 and	 BTBPE	 [110].	 They	 report	 that	 these	 BFRs	 are	 prone	 to	 form	
metabolites	 through	 various	 transformations,	 including	 oxidative	 and	 reductive	
debromination,	 oxidative	 cytochrome	 P450	 enzyme-mediated	 processes	 and	 Phase	 II	
conjugation	 through	 glucuronidation	 and	 sulfation.	 Most	 studies	 are	 available	 on	 the	
metabolism	of	polybrominated	biphenyls	(PBBs),	followed	by	PBDEs.		
A	 study	 reports	 on	 the	 soil-plant	 interaction	 of	 TBBPA	 and	 HBCDDs,	 which	 reduces	 their	
concentrations	 in	the	ground	due	to	strong	sorption	to	soil	particles,	but	at	the	same	time	
	 24	
might	 lead	 to	 increased	exposure	 risk	by	uptake	of	 these	compounds	 into	plants	and	 thus	
enhances	their	bioavailability	[111].		
BDE-209	has	been	reported	to	metabolize	to	lower	brominated	congeners,	ranging	from	hexa	
to	 nonaBDE	 by	 varies	 fish	 species,	 including	 rainbow	 trout,	 common	 carp	 and	 lake	 trout.	
However,	extent	of	the	assimilation	and	metabolites	formed	varies	among	the	species	[112,	
113].	 It	 was	 further	 shown	 that	 accumulation	 and	 debromination	 of	 decaBDE	 in	 juvenile	
fathead	minnows	 negatively	 affects	 thyroid	 hormone	 regulation	 [114].	 Debromination	 for	
DBDPE	can	tentatively	be	expected	to	occur	in	a	comparative	way	in	aquatic	organisms.	
Bearr	 et	 al.	 studied	 the	 in	 vitro	 metabolism	 of	 both	 BEH-TEBP	 and	 EH-TBB	 using	 hepatic	
subcellular	 fractions	 of	 fathead	 minnow,	 common	 carp,	 mouse	 and	 snapping	 turtle	 an	
observed	 metabolite	 formation	 for	 EH-TBB	 after	 incubation	 with	 the	 exception	 of	 the	
snapping	 turtle.	 The	main	metabolite	was	 identified	 as	 2,3,4,5-tetrabromomethylbenzoate	
(TBMB)	 with	 2,3,4,5-	 tetrabromobenzoic	 acid	 (TBBA)	 as	 an	 intermediate	 product.	 For	
BEH-TEBP	 significant	 loss	 of	 the	 parent	 compound	 after	 incubation	was	 observed,	 but	 no	






mussels	 [118],	 algae	 [119]	 as	 well	 as	 sediments	 [120],	 surface	 waters	 [121]	 and	 sewage	




hydroxyl	 group	 (OH-)	 seems	 to	be	 an	 indicator	of	whether	OH-BDE	 congeners	 are	 formed	
through	 oxidation	 or	 metabolic	 reactions	 [116,	 118,	 120].	 Possible	 sources	 and	
transformations	 found	 in	 literature	 include	 microbial	 aerobic	 degradation	 [123,	 124],	
photochemical	 reactions	 of	 bromophenols	 [125]	 and	 PBDEs	 [126],	 transformation	 of	
bromophenol	by	marine	bacteria	[127]	and	a	red	algae	enzyme	[117],	reactions	of	PBDEs	with	
atmospheric	 OH	 radicals	 [121],	 as	 well	 as	 in	 sewage	 treatment	 plants	 through	 oxidative	
reactions	and	excretion	from	human	and	animal	metabolism	[121].	A	study	suggests	that	OH-





















Qualitative	 approaches	 include	 low	 resolution	 (LR)	 full	 scan	measurements.	 Precursor	 ion	
scan,	whereby	only	 those	compounds	which	give	 the	predefined	 specific	 fragment	 ion	are	




those	 compounds	 forming	 a	 specific	 fragment	 and	 thereby	 losing	 a	 defined	 part	 of	 the	
molecule	 are	 detected.	 This	 can	 be	 exploited	 for	 the	 detection	 of	 metabolite	 formation	
whereby	certain	conjugates	are	formed	[135].		
1.6.2. Hyphenated	chromatography/mass	spectrometry	analytical	approaches	
Classically,	 BFRs	 are	 determined	 by	 gas	 chromatography	 (GC)	 methods	 coupled	 to	 mass	
spectrometry.	 The	 instruments	 are	 operated	 in	 either	 electron	 impact	 ionization	 (EI)	 or	
electron	capture	negative	ionization	(ECNI)	coupled	to	various	types	of	mass	analysers	(single	
or	triple	quadrupole,	ion	trap,	time-of-flight	and	magnetic	sector).	Drawbacks	of	using	GC	and	
the	need	 for	high	 temperatures	 include	the	possibility	of	decomposition,	either	during	 the	
injection	 step	or	on-column	degradation,	especially	when	analysing	 thermally	 labile	higher	
brominated	congeners	like	BDE-209	or	DBDPE.		This	can	be	solved	by	cold	on-column	injection	
or	the	use	of	a	programmed	temperature	vaporizer	(PTV)	to	minimise	the	thermal	stress	on	
the	 compound,	 as	 well	 as	 the	 use	 of	 columns	with	 higher	 isothermal	 temperature	 limits,	









have	 also	 been	 developed	 [141].	 Advances	 in	 coupling	 LC	 to	 HR-MS	 have	 been	 made	 to	










have	 to	 be	 targeted.	While	 in	 ESI	 depending	 on	 the	 polarity	 either	 [M-H]-	 or	 [M+H]+	 are	
formed,	 in	APCI	 and	APPI	 generally	more	 complex	 ions	are	observed	 [M-Br]-,	 [M-Br+O]-	or	
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analysing	 complex	 samples.	 In	 dust	 analysis,	 most	 commonly	 the	 SRM	 2585	 (Organic	
Contaminants	in	House	Dust)	is	used.	Although	not	certified	in	SRM2585,	values	for	HBCDDs,	
BTBPE,	 EH-TBB	 and	 BEH-TEBP	 are	 usually	 compared	 between	 studies	 where	 values	 are	














nominal	mass,	 i.e.	 0.0031	 amu	 for	 14N;	 0.0078	 amu	 for	 1H)	 or	 negative	 (smaller	 than	 the	
nominal	mass,	i.e.	-0.0051	amu	for	16O;	-0.0279	amu	for	32S)	[158].	Stable	isotopes	with	mass	
numbers	from	approximately	80	(Br)	to	150	(Eu)	have	the	largest	mass	defect	values	of	all	the	
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	 M	 M	+2		 M	+	4		 M	+	6	 M	+	8	 M	+10	 M	+	12	 M	+	14	 M	+	16	 M	+	18	 M	+	20	
Cl	 100	 32.0	 	 	 	 	 	 	 	 	 	
Cl2	 100	 63.9	 10.2	 	 	 	 	 	 	 	 	
Cl3	 100	 95.9	 30.7	 3.3	 	 	 	 	 	 	 	
Cl4	 78.2	 100	 47.9	 10.2	 0.8	 	 	 	 	 	 	
Cl5	 62.6	 100	 63.9	 20.4	 3.3	 0.2	 	 	 	 	 	
Cl6	 52.2	 100	 79.9	 34.1	 8.2	 1.0	 <0.1	 	 	 	 	
Cl7	 44.7	 100	 95.9	 51.1	 16.3	 3.1	 0.3	 <0.1	 	 	 	
Cl8		 35.0	 89.4	 100	 63.9	 25.5	 6.5	 1.0	 0.1	 <0.1	 	 	
Cl9		 27.2	 78.2	 100	 74.6	 35.8	 11.4	 2.4	 0.3	 <0.1	 <0.1	 	
Cl10	 21.8	 69.5	 100	 85.2	 47.7	 18.3	 4.9	 0.9	 0.1	 <0.1	 <0.1	
	 	 	 	 	 	 	 	 	 	 	 	
Br	 100	 97.3	 	 	 	 	 	 	 	 	 	
Br2	 51.4	 100	 48.6	 	 	 	 	 	 	 	 	
Br3	 34.3	 100	 97.3	 31.5	 	 	 	 	 	 	 	
Br4	 17.6	 68.5	 100	 64.9	 15.8	 	 	 	 	 	 	
Br5	 10.6	 51.4	 100	 97.3	 47.3	 9.2	 	 	 	 	 	
Br6	 5.4	 31.7	 77.1	 100	 73.0	 28.4	 4.6	 	 	 	 	
Br7	 3.1	 21.1	 61.7	 100	 97.3	 56.8	 18.4	 2.6	 	 	 	
Br8	 1.6	 12.4	 42.3	 82.2	 100	 77.8	 37.9	 10.5	 1.3	 	 	
Br9	 0.9	 7.8	 30.2	 68.5	 100	 97.3	 63.1	 26.3	 6.4	 0.7	 	
Br10	 0.5	 4.4	 19.4	 50.3	 85.7	 100	 81.1	 45.1	 16.4	 3.6	 0.4	
	 	 	 	 	 	 	 	 	 	 	 	
BrCl	 77.4	 100.0	 24.1	 	 	 	 	 	 	 	 	
BrCl2	 62.0	 100.0	 44.9	 6.2	 	 	 	 	 	 	 	
BrCl3	 51.8	 100.0	 64.2	 17.1	 1.6	 	 	 	 	 	 	
BrCl4	 44.4	 100.0	 82.5	 32.3	 6.1	 0.5	 	 	 	 	 	
Br2Cl	 44.2	 100.0	 69.2	 13.4	 	 	 	 	 	 	 	
Br3Cl	 26.5	 85.9	 100.0	 48.5	 7.8	 	 	 	 	 	 	
Br4Cl	 14.5	 60.8	 100.0	 79.4	 29.9	 4.1	 	 	 	 	 	
Br2Cl2	 38.7	 100.0	 88.7	 31.1	 3.7	 	 	 	 	 	 	
Br3Cl2	 20.6	 73.7	 100.0	 48.7	 7.9	 	 	 	 	 	 	















Kendrick	 introduced	 the	 idea	of	 plotting	 a	 large	 set	 of	 data,	 by	 grouping	 compounds	with	
similar	mass	defect	[171].	The	aim	was	to	visualize	homologous	hydrocarbon	molecules,	which	






1-4	 shows	 an	 example	 for	 a	H/Cl	 transformed	mass	 scale	 for	 the	detection	of	 chlorinated	
compounds	 in	 an	 extracted	 trout	 sample	 [164].	 Other	 examples	 include	 the	 detection	 of	
perfluorinated	compounds	CF2	(50	/	49.99681)	and	fluorine	for	chlorine	substitution	+F	/	-Cl	





of	 Lake	 Ontario	 lake	 trout,	 adapted	 from	 Jobst	 et	 al.	 [164]	 DDT=	
dichlorodiphenyltrichloroethane;	 PCN	 =	 polychlorinated	 naphthalene;	 PCBs	 =	
polychlorinated	biphenyls;	PCDPEs	=	polychlorinated	diphenyl	ethers	
	
Ballesteros	 et	 al.	 analysed	 plastic	 samples	 from	 electric	 and	 electronic	 devices	 containing	
TBBPA	 using	 an	 in-house	 script	 for	 the	 recognition	 of	 halogenated	 compounds	 based	 on	
isotope	pattern	and	mass	defect	cluster	analysis.	Results	indicate	the	presence	of	impurities,	
by-products	or	degradation	products	of	TBBPA	and	TBBPA	derivatives	in	the	samples	[161].			
Other	applications	where	 the	principle	of	mass	defect	 is	exploited	are	various.	They	 range	
from	the	identification	of	black	carbon	derived	structures	in	volcanic	ash	soil	[174],	molecular	
characterization	 of	 natural	 organic	 matter	 [175],	 over	 analysing	 organic	 mixtures	 such	 as	
petroleum	crude	oil	in	the	field	of	petroleomics	[176],	through	to	employing	bromine	as	mass	
defect	 tag	 for	 protein	 sequencing	 applications	 [159]	 and	 identification	 for	 metabolites	 in	
biological	matrices	[177]	and	in	vitro	/	in	vivo	studies	[178].	In	the	food	industry	samples	can	



















for	 example,	 has	 become	more	widely	 used.	 The	mass	 defect	 filtering	 approach	 however	
works	 better	 for	 conjugative	 metabolites	 than	 for	 oxidative	 ones,	 since	 elements	 with	 a	
greater	mass	defect	value	are	introduced	into	the	molecule	in	the	latter	case.	Selectivity	of	
the	 approach	 depends	 on	 structural	 similarity	 of	 parent	 drug	 and	metabolites,	 as	 well	 as	

















databases	 containing	 physico-chemical	 data	 (i.e.	 monoisotopic	 masses	 and	 molecular	
formulas)	or	experimental	derived	data	(i.e.	retention	times	and	fragmentation	mass	spectra),	







compare	 and	 better	 communicate	 the	 level	 of	 confidence	 between	 different	 studies	 and	
compounds	 detected	 (see	 Figure	 1-5)	 [22].	 This	 approach	 should	 be	 used	 as	 a	
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a	 viable	 method	 for	 identifying	 and	 quantifying	 such	 transformation	 products	 in	 the	











4. Measuring	 the	 levels	 of	 NBFRs	 in	 selected	 environmental	 matrices	 and	 comparing	
these	with	concentrations	of	legacy	BFRs	in	the	same	samples.		






Within	 this	work	 the	determination	of	PBDEs	and	NBFRs	was	 required	 in	 several	 different	
sample	matrices,	with	varying	degrees	of	complexity	and	matrix	interferences.	These	matrices	
comprised:	simple	solvents,	 in	vitro	cell	media,	dust	and	sediments.	Generally,	 the	analysis	










Target	 compounds	were	 the	 following:	 PBDEs	 (BDE-17,	BDE-28,	BDE-47,	BDE-99,	BDE-100,	
BDE-153,	BDE-154,	BDE-183,	BDE-196,	BDE-197,	BDE-206,	BDE-207	and	BDE-209),	HBB,	TBP,	
α-,β	 and	 γ-HBCDDs,	 TBBPA	 and	 the	 emerging	 flame	 retardants	 EH-TBB,	 BEH-TEBP,	 BTBPE,	
DBDPE,	PBEB,	 a/s-DP,	BB153	α-	 and	β-DBE-DBCH	and	were	all	 purchased	 from	Wellington	









































were	 prepared	 in	 toluene,	 each	 containing	 the	 listed	 compounds	 at	 a	 concentration	 of	
1	 ng	 µL-1.	 Most	 compounds	 were	 purchased	 dissolved	 in	 toluene,	 if	 different,	 they	 were	
solvent	 exchanged	 into	 toluene.	 Concentrations	 in	 general	 for	 acquired	 compounds	 were	







Anthracene,	 Fluoranthene,	 Pyrene,	 Benz[a]anthracene,	 Chrysene,	 Benzo[b]fluoranthene,	
Benzo[k]fluoranthene,	 Benzo[a]pyrene,	 Dibenz[a,h]anthracene,	 Benzo[ghi]perylene,	
Indeno[1,2,3-cd]pyrene).	
Group	4:	21	emerging	brominated	and	chlorinated	flame	retardants	ATE,	BATE,	TBP,	DPTE,	











2-3)	dependent	 studies.	 The	overall	workflow	was	adapted	 from	previous	work	within	 the	
group	 [190].	 Technical	 BTBPE,	 EH-TBB,	 BEH-TEBP	 and	 DBE-DBCH	 were	 obtained	 as	 neat	
standard	 from	 Accustandard,	 Inc.	 (New	Haven,	 CT,	 USA).	 A	 1000	 µM	 dosing	 solution	was	
prepared	by	dissolving	each	compound	in	dimethyl	sulfoxide	(DMSO)	or	toluene	in	the	case	of	
BTBPE	(due	to	incomplete	solubility	in	DMSO).	High	purity	standards	of	β-DBE-DBCH,	α-	and	
β-DBE-DBCH	 mixture	 (equimolar	 concentrations),	 BTBPE,	 13C-BTBPE,	 EH-TBB,	 13C-EH-TBB,	









glucose-6-phosphate	 and	 2	 units/mL	 glucose-6-phosphate	 dehydrogenase)	 to	make	 a	 final	
volume	of	1	mL.	At	the	end	of	the	incubation,	1	mL	of	ice-cold	methanol	was	added	to	stop	

















NBFR	 µM	 µL	NBFR	stock	 µL	William’s	E	Medium	
EH-TBB	 10	 10	 880	
BEH-TEBP	 10	 10	 880	
BTBPE	 10	 10	 880	







Temp.	°C	 µM	 µL	stock	 µL	William’s	E	Medium	
10	 10	 10	 880	
15	 10	 10	 880	
20	 10	 10	 880	
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A	 solvent	 mixtures	 of	 hexane:dichloromethane	 (3:1	 v/v)	 was	 used	 for	 extraction.	 Further	
in-cell	cleanup	using	layers	of	5	g	silica	and	Florisil™	each	in	the	ASE	cell	was	performed	to	
reduce	possible	matrix	 interferences.	Samples	were	evaporated	to	dryness	using	a	Thermo	
Scientific	 Rocket™	 Evaporator	 system	 and	 then	 reconstituted	 in	 200	 µL	methanol:toluene	
(1:1).	
2.3.3. In	vitro	biotransformation	of	BFRs	by	trout	liver	microsomes	(TLM).			




initially	 discarded.	 The	 combined	extracts	were	 concentrated	under	 a	 gentle	 stream	of	N2	








gentle	stream	of	N2,	 reconstituted	 in	methanol,	wrapped	 in	aluminum	foil,	and	stored	 in	a	
freezer	at	-20	°C	until	analysis.	
2.4. Instrumental	Analysis	
Brominated	 flame	 retardants	are	generally	analysed	using	GC	methods.	Recently	 LC	based	
methods	coupled	to	low	resolution	mass	spectrometers	have	been	used	for	their	detection.	




Samples	 were	 analysed	 on	 a	 UPLC-Orbitrap-HRMS	 instrument	 (Thermo	 Fisher	 Scientific,	
Bremen,	Germany)	composed	of	an	UltiMate®	3000	high	performance	liquid	chromatography	
system	equipped	with	a	HPG-3400RS	dual	pump,	a	TCC-3000	column	oven	and	a	WPS-3000	










(AGC)	 target	 1e6,	 maximum	 injection	 time	 100	 ms,	 scan	 range	 250	 to	 1000	 m/z,	 profile	
spectrum	data	 type,	 sheath	 gas	 flow	 rate	 25	AU	 (arbitrary	 units),	 aux	 gas	 flow	 rate	 5	AU,	
discharge	current	30	µA,	capillary	temperature	250	°C,	S-lens	RF	level	50	AU	and	aux	gas	heater	
temperature	320	°C.	




range	250	 to	1000	m/z,	 profile	 spectrum	data	 type,	 sheath	 gas	 flow	 rate	50	AU	 (arbitrary	
units),	aux	gas	flow	rate	13	AU,	spray	discharge	voltage	2.5	kV,	capillary	temp	265	°C,	S-lens	
RF	level	50	AU	and	aux	gas	heater	temperature	425	°C.		
Both	 the	 HPLC	 gradient	 programme	 and	 ionization	 values	 were	 optimized	 based	 on	 the	



























Time	[min.]		 %	A	(Water)	 %	B	(Methanol)	 Flow	rate	[µL	min-1]	
0	 35	 65	 400	
3	 35	 65	 400	
4	 15	 85	 400	
6	 15	 85	 400	
7	 0	 100	 500	
10	 0	 100	 500	
11	 15	 85	 400	
13	 15	 85	 400	
14	 35	 65	 400	
17	 35	 65	 400	
Time	[min.]		 %	A	(Water)	 %	B	(Methanol)	 Flow	rate	[µL	min-1]	
0	 80	 20	 400	
9	 0	 100	 400	
12	 0	 100	 400	
12.1	 80	 20	 400	












ATE	(TBP-AE)	 C9H7Br3O	 [M-Br+O]-	 -	 306.87923	
TBP	 C6H3Br3O	 [M-Br+O]-	 -	 328.76408	
BATE	(TBP-BAE)	 C9H6Br4O	 [M-Br+O]-	 -	 384.78975	
DPTE	(TBP-DBPE)	 C9H7Br5O	 [M-Br+O]-	 -	 466.71386	
DBE-DBCH	 C8H12Br4	 [M+O2]-	 -	 459.75354	
PBEB	 C8H5Br5	 [M-Br+O]-	 -	 436.70330	
HBB	 C6Br6	 [M-Br+O]-	 -	 486.58251	
BB153	 C12H4Br6	 [M-Br+O]-	 -	 562.61436	
BTBPE	 C14H8Br6O2	 C6Br3H2O-	 -	 328.76408	
	 	 [M-HBr+O2]-	 -	 637.62109	
EH-TBB	 C15H18Br4O2	 [M-Br+O]-	 -	 484.87911	
BEH-TEBP	 C24H34Br4O4	 [M-Br+O]-	 -	 640.99414	
HCDBCO	 C13H12Br2Cl6	 [M+O2]-	 -	 571.72852	
DBDPE	 C14H4Br10	 [M-Br+O]-	 -	 906.28307	
aCL10DP	 C18H14Cl10	 [M-Cl+O]-	 -	 564.81824	
aC11DP	 C18H13Cl11	 [M-Cl+O]-	 -	 598.77927	
anti/syn-DP	 C18H12Cl12	 [M-Cl+O]-	 -	 632.74084	
Dec	602	 C14H4Cl12O	 [M-Cl+O]-	 -	 592.67261	
Dec	603	 C17H8Cl12	 [M-H]-	 -	 638.68781	
Dec	604	 C13H4Br4Cl6	 [M-Br+O]-	 -	 626.58935	
triBDE	1	 C12H7Br3O	 [M-Br+O]-	 -	 342.87978	
tetraBDE	2	 C12H6Br4O	 [M-Br+O]-	 -	 420.78975	
pentaBDE	3	 C12H5Br5O	 [M-Br+O]-	 -	 500.69876	
hexaBDE	4	 C12H4Br6O	 [M-Br+O]-	 -	 578.60927	
heptaBDE	5	 C12H3Br7O	 [M-Br+O]-	 -	 658.51719	
octaBDE	6	 C12H2Br8O	 [M-Br+O]-	 -	 736.42825	
nonaBDE	7	 C12HBr9O	 [M-Br+O]-	 -	 816.33672	
decaBDE	8	 C12Br10O	 C6Br5O-	 -	 486.58306	
4-OH-BDE17	 C12H7Br3O2	 [M-H]-	 [M-H]-	 420.78975	
2-OH-BDE-28	 C12H7Br3O2	 [M-H]-	 [M-H]-	 420.78975	
6-OH-BDE-47	 C12H6Br4O2	 [M-H]-	 [M-H]-	 500.69876	
HBCDDs	 C12H18Br6	 [M-H]-	 [M-H]-	 640.63746	
TBBPA	 C15H12Br4O2	 [M-H]-	 [M-H]-	 542.74571	
triPCB	9	 C12H7Cl3	 [M-Cl+O]-	 -	 236.98794	
tetraPCB	10	 C12H6Cl4	 [M-Cl+O]-	 -	 270.94897	
pentaPCB	11	 C12H5Cl5	 [M-Cl+O]-	 -	 306.90705	
hexaPCB	12	 C12H4Cl6	 [M-Cl+O]-	 -	 340.86808	
heptaPCB	13	 C12H3Cl7	 [M-Cl+O]-	 -	 374.82910	
























exact	mass	 as	 TBP	 (328.76408),	which	 elutes	 earlier.	 This	 is	 caused	by	 the	 fact	 that	 these	
compounds	are	structurally	similar	and	through	 inadvertent	 in-source	fragmentation	break	
down	 to	 form	 TBP.	 As	 listed	 in	 Table	 2-6,	 BTBPE	 can	 be	 detected	 both	 as	 [M-HBr+O2]-	 at	





TCiPP	 C9H18Cl3O4P	 -	 [M+H]+	 327.00811	
TDCiPP	 C9H15Cl6O4P	 -	 [M+H]+	 430.88824	
TBBA	 C7H2Br4O2	 [M-H]-	 [M-H]-	 436.66746	
13C-TBBA	 13C6CH2Br4O2	 [M-H]-	 [M-H]-	 442.68759	
13C-BDE209	 13C12Br10O	 13C6Br5O-	 -	 492.60319	
13C-EH-TBB	 13C6C9D17HBr4O2	 [M-Br+O]-	 -	 508.00594	
13C-BEH-TEBP	 13C6C18D34Br4O4	 [M-Br+O]-	 -	 681.22736	
13C-BTBPE	 13C6C8H8Br6O2	 13C6Br3H2O-	 -	 334.78421	
13C-HBCDDs	 13C12H18Br6	 [M-H]-	 [M-H]-	 652.67772	
13C-TBBPA	 13C12C3H12Br4O2	 [M-H]-	 [M-H]-	 554.78591	
13C-BDE-28	 13C12H7Br3O	 [M-Br+O]-	 -	 354.92004	
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both	 positive	 (Pierce	 LTQ	 Velos	 ESI	 Positive	 Ion	 Calibration	 Solution)	 and	 negative	 (ESI	




spray	voltage,	gas	 flow	rates	and	capillary	 temperature.	As	a	 rule,	a	 total	 ion	current	 (TIC)	
above	108,	with	a	TIC	variation	of	less	than	10	%	and	an	ion	injection	time	(IT)	of	5	ms	or	less	
are	needed	prior	to	starting	the	evaluation/calibration	procedure.		
Mass	 calibration	 was	 conducted	 on	 a	 regular	 basis	 in	 ESI,	 using	 the	 above	 mentioned	
calibration	solution.	Mass	calibration	is	based	on	the	ions	listed	in	Table	2-7	and	results	in	a	
spectrum	 as	 shown	 in	 Figure	 2-17	 and	 Figure	 2-18	 for	 both	 positive	 and	 negative	 mode	








includes	 values	 for	 the	 ion	 transfer,	 quadrupole	 mass	 isolation	 and	 resolution,	 analyser	
accuracy	and	eFT	(enhanced	Fourier	Transformation).			
! I=!
$3+! 5(D/6-(2/40! 4C! 23+! /0)2-,*+02! '()! (D'(7)! 540.,52+.! /0! M:R! ()! *+02/40+.E! )/05+! 23+!












































were	 also	 analysed	 on	 a	 GCxGC-TOF	 instrument.	 This	 consisted	 of	 an	 Agilent	 7890B	 GC	
equipped	with	a	Zoex	ZX2	cryogenic	modulator.	The	1st	column	was	a	SGE	BPX5,	non-polar	
capillary	 column	 (30 m,	 0.25 mm	 ID,	 0.25 µm	 –	 5%	 phenyl	 polysilphenylene-siloxane),	
followed	by	a	shorter	more	polar	SGE	BPX50	column	(4.0 m,	0.1 mm	ID,	0.1 µm	–	50%	phenyl	
polysilphenylene-siloxane)	 in	 the	 2nd	 dimension.	 This	 system	 was	 interfaced	 to	 a	 Markes	
BenchTOF-Select	platform,	with	an	acquisition	rate	of	50 Hz	and	covering	the	mass	range	of	
40	up	to	1000	m/z,	with	a	mass	resolution	of	>1200	FWHM	at	70	eV	and	>800	FWHM	at	14	eV	












isotope	 cluster)	 and	 this	 value	 employed	 within	 the	 software	 programme	 used.	 Isotope	
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on	method	described	by	 Taylor	 [193]	 and	 listed	 in	 Table	 2-10.	 This	method	 is	 a	 statistical	
approach	to	estimate	the	LOD	and	LOQ.	Each	calibration	standard	CS1	to	CS5	(concentrations	
	 67	
listed	 in	 Appendix	 II)	 was	 measured	 10	 times.	 The	 standard	 deviation	 of	 each	 measured	
concentration	is	estimated	as	the	concentration	approaches	zero	(s0).	The	s0	is	determined	by	
regressing	 the	 standard	 deviation	 of	 measured	 concentration	 versus	 the	 specified	
concentration.	The	 intercept	of	 the	 resulting	 regression	 line	 corresponds	 to	 s0.	 The	 LOD	 is	





Compound	 LOD	pg/µl	 LOQ	pg/µl	 Linearity		 RSD	n=10	
BDE-17	 9.0	 30	 0.9923	 5.8	
BDE-28	 5.8	 19	 0.9952	 4.5	
BDE-47	 0.7	 2.4	 0.9991	 3.3	
BDE-100	 0.2	 0.6	 0.9983	 2.9	
BDE-99	 0.9	 3.1	 0.9979	 2.1	
BDE-154	 0.5	 1.7	 0.9974	 2.1	
BDE-153	 0.2	 0.7	 0.9983	 2.1	
BDE-183	 0.2	 0.7	 0.9980	 2.4	
BDE-197	 0.9	 3.0	 0.9981	 3.8	
BDE-196	 0.04	 0.1	 0.9989	 2.3	
BDE-207	 0.03	 0.1	 0.9986	 2.9	
BDE-206	 0.3	 1.0	 0.9994	 2.6	
BDE-209	 0.03	 0.1	 0.9983	 5.3	
HBCDDs	 02	 0.01	 0.9984	 1.6	
TBBPA	 0.2	 0.6	 0.9973	 2.6	
HBB	 0.5	 1.6	 0.9980	 2.4	
TBP	 0.3	 1.1	 0.9943	 5.0	
BB153	 0.2	 0.6	 0.9971	 2.7	
PBEB	 1.2	 3.9	 0.9981	 2.2	
abTBECH	 27	 91	 0.9932	 5.7	
asDP	 1.0	 3.5	 0.9994	 2.7	
BEH-TEBP	 0.6	 1.9	 0.9985	 1.8	
BTBPE	 0.5	 1.5	 0.9965	 4.1	
DBDPE	 11	 36	 0.9987	 3.3	
















Compound	 LOD	pg/g	 LOQ	pg/g	 IS	used	
BDE17	 365	 1217	 MBDE-28	
BDE28	 237	 789	 MBDE-28	
BDE47	 29	 97	 MBDE-28	
BDE100	 8.9	 30	 BDE-77	
BDE99	 45	 151	 BDE-77	
BDE154	 29	 97	 BDE-128	
BDE153	 11	 36	 BDE-128	
BDE183	 8.6	 29	 MBDE-209	
BDE197	 37	 122	 MBDE-209	
BDE196	 1.5	 5.0	 MBDE-209	
BDE207	 1.3	 4.5	 MBDE-209	
BDE206	 12	 41	 MBDE-209	
BDE209	 1.1	 3.7	 MBDE-209	
HBCDDs	 0.1	 0.4	 MHBCDDs	
TBBPA	 17	 57	 MTBBPA	
HBB	 27	 91	 BDE-128	
TBP	 13	 43	 MBDE-28	
BB153	 10	 33	 BDE-128	
PBEB	 64	 215	 BDE-128	
abTBECH	 1102	 3675	 MBDE-28	
asDP	 43	 142	 MBDE-209	
BEH-TEBP	 22	 74	 MBEH-TEBP	
BTBPE	 20	 66	 MBTBPE	
DBDPE	 446	 1485	 MBDE-209	
EH-TBB	 34	 112	 MEH-TBB	
	 69	









Mass	 defect	 plots	 were	 created	 using	 Microsoft®	 Excel	 to	 visualize	 the	 presence	 of	
halogenated	compounds.	For	this,	all	masses	detected	in	a	retention	time	window	of	interest	
were	extracted	using	Thermo	Scientific	Xcalibur™	software.	A	threshold	was	set	to	exclude	
peaks	 below	 a	 certain	 absolute	 intensity	 value.	 The	 underlying	 principle	 of	 mass	 defect	
conversion	 was	 first	 described	 by	 Kendrick	 [171].	 	 He	 realized	 that	 by	 changing	 the	
International	Union	of	Pure	and	Applied	Chemistry	(IUPAC)	mass	scale	(C	=	12.000	Da)	to	one	
in	which	CH2	=	14.000	Da	(Equation	2-1)	organic	ions	belonging	to	a	homologous	series	can	be	



























each,	 which	 were	 extracted	 during	 3	 different	 days	 and	 parameters,	 such	 as	 batch	 of	






used	 for	 modeling	 enzyme	 kinetics	 for	 in	 vitro	 metabolism	 studies.	 Different	 non-linear	
regression	models	(Michaelis−Menten,	Hill	and	substrate-inhibition)	were	tested.	To	evaluate	










used	 to	process	 raw	 files	and	 screen	 for	unknown	halogenated	compounds,	 as	well	 as	 for	
possible	 degradation	 and	metabolic	 transformation	 products	 of	 native	 target	 compounds.	
Workflows	can	be	adapted	and	implemented	according	to	the	specific	analysis	using	different	
nodes	as	shown	in	Figure	2-21.	Generally,	treated/exposed	samples	are	measured	against	a	
control	 group	 (negative	 control).	 The	 shown	workflow	 detects	 unknown	 compounds	with	
elemental	composition	prediction,	automatically	hides	background	compounds	(detected	in	
blanks),	 performs	 ChemSpider	 library	 searching	 and	 scores	 the	 compounds	 based	 on	 user	
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Advances	 in	 high	 resolution	 mass	 spectrometry	 facilitate	 accurate	 measurements	 and	
identification	of	unknowns,	as	well	as	possible	degradation	and	transformation	products.	Full	




with	 the	 necessary	 resolving	 power	 and	 acquisition	 frequency	 include:	 time-of-flight	 high	
resolution	 mass	 spectrometry	 (TOF-HRMS),	 Orbitrap	 and	 Fourier	 transform	 ion	 cyclotron	
resonance	(FT-ICR)	mass	spectrometers	[195].		For	each	of	these,	studies	have	been	published	











In	 this	 chapter	 the	 potential	 of	 two	 advanced	 chromatography/mass	 spectrometry	




conditions	 (see	 3.2.6).	 The	 first	 instrument	 is	 the	 high-resolution	 accurate	 mass	 (HRAM)	
quadrupole	Orbitrap	mass	spectrometer,	connected	to	a	UPLC	system,	while	the	second	is	a	
two-dimensional	 gas	 chromatography	 system	 (GCxGC)	 coupled	 to	 a	 time-of-flight	 mass	
spectrometer	 (TOF-MS).	Mass	defect	plots	were	constructed	 for	samples	measured	on	the	




data,	 a	 mass	 defect	 plot	 was	 constructed	 to	 estimate	 the	 number	 of	 brominated	 and	
chlorinated	 compounds	within	a	 sample.	Halogenated	 compounds	have	a	unique	negative	





close	 (1.001149	 /	 1.001148,	 respectively)	 and	 thus	 can	 be	 used	 interchangeably	 for	 the	






mass	 defect	 plot	 was	 created,	 exact	masses	 could	 be	 deduced	manually	 by	 selecting	 the	
isotope	 cluster	 of	 interest.	 Such	 manual	 review	 of	 clusters	 is	 quite	 time	 consuming	 and	
requires	much	effort,	and	thus	the	automation	of	this	process	has	been	described	[161,	168,	
195].	Xcalibur	software	was	used	to	compare	extracted	ion	chromatograms	(XICs)	of	selected	




ionization	 mode	 used	 during	 measurement.	 Where	 possible,	 hypotheses	 on	 structural	
composition	 were	 suggested	 and	 evaluated	 using	 simulated	 isotopic	 patterns.	 Regularly,	
several	elemental	compositions	were	obtained	from	an	entered	exact	mass	(see	Figure	3-1)	
and	the	best	fitting	pattern	was	chosen,	considering	the	presence	of	all	the	ions	in	the	pattern,	
the	 number	 of	 lighter/heavier	 isotopes	 suggested	 compared	 to	 the	M	 +	 x	 position	 in	 the	
pattern,	 as	 well	 the	 isotopic	 abundance	 ratio	 (as	 described	 in	 1.6.3).	 Chemspider	 was	
employed	 as	 a	 final	 step	 to	 obtain	 a	 tentative	 compound	 from	 the	 formula	 found.	
Identification	 of	 compounds,	 especially	 in	 APCI	 mode,	 can	 be	 challenging,	 since	 formed	
pseudo	 molecular	 ions	 formed	 are	 numerous	 and	 sometimes	 differ	 from	 [M-H]-	 or	
[M-Br/Cl+O]-.	Moreover,	formation	of	adducts	has	to	be	considered.	Structural	isomers,	where	
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compounds	are	measured	 in	APCI,	while	OPFRs	are	measured	 in	ESI,	 the	mass	defect	plot	
shows	the	combined	result	of	two	separate	runs.	There	are	numerous	other	OPFRs	of	current	
interest,	however	these	are	not	halogenated	and	thus	their	location	in	the	mass	defect	plot	is	
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for	 the	 analysis	 of	 PAHs,	 but	 limited	 studies	 have	 reported	 detection	 methods	 using	 LC.	
Atmospheric	 pressure	 photoionization	 (APPI)	 is	 more	 efficient	 in	 ionizing	 non-polar	
compounds	 like	PAHs,	 compared	 to	 atmospheric	 pressure	 chemical	 ionization	 (APCI),	with	
sensitivities	of	up	to	eight	times	higher	for	naphthalene	[197,	198].	Nevertheless,	APCI	has	
been	 used	 for	 the	 detection	 of	 PAHs	 in	 LC-MS/MS	 systems	 [199,	 200].	 The	 ionization	
mechanism	has	been	described	to	be	based	on	proton	transfer	from	water	clusters	forming	
[M+H]+	ions,	as	well	as	charge	exchange	from	N2+	and	O2+,	resulting	in	[M]+	species	[199,	201].	








at	 low	m/z,	 outside	 the	 desired	 ±	 5	 ppm	window.	 This	 is	 caused	 by	 the	 fact	 that	 during	
















' ?2J=##R22! 69,9(.49)90.',94! _-JER-4L`!Q! _XQE`!Q! Q?@=##! 9+;K'
' ?J@=#FFKF! &*(.49)90.',94! _-JEK-42L`!Q! _XQE`!Q! QM=22! 9+;K'
' ?"@=#RK#K! 69,9+)9690.',94! _-JERB)L`!Q! _XQE`!Q! Q"=2! 9+;K'
' ?#J=#?K"?! 1)*(.49)90.',94! _-JE2-4KL`!Q! _XQE`!Q! QF=@K! 9+;K'
' 2@J=#@2#R! (.49)9+)9690.',94! _-JEK-4B)L`!Q! _XQE`!Q! QK=FJ! 9+;K'
' 2F@=MFK2R! &*+)9690.',94! _-JEKB)2L`!Q! _XQE`!Q! Q?=KM! 9+;K'
' 2MR=M?RR2! (.49)9&*+)9690.',94! _-JEK-4B)2L`!Q! _XQE`!Q! Q@=KJ! 9+;K'






























K' K"R=M@@2R! ?3?3?3K3K3F3F3"QL(1/(.49)9.'01/,'! _-"E"-4M`!Q! _XQE`!Q! Q@=J?! 9+*('
L' RFF="MR#K! ,^/!c!1)*+)96*,/1'&e! _-?2E"B)KLR`!Q! ,^/! Q?=FM! 9+(;'













































0.27.	 Targeted	XICs	 showed	 the	 presence	of	 pentaBDEs	 (1	 isomer),	 hexaBDEs	 (3	 isomers),	
heptaBDEs	(3	isomers),	octaBDEs	(3	isomers),	nonaBDEs	(2	isomers)	and	decaBDE.		
HBCDDs	and	TBBPA	were	detected	in	the	dust	sample,	both	with	a	transformed	mass	defect	






when	assuming	 that	 they	 ionise	as	 [M-Cl+O]-	 ions	as	 shown	by	standard	measurements.	 It	





Further	 investigation	 showed	 that	 these	 could	 tentatively	 originate	 from	 bromo-	 and	
chlorophenols	 and	 ionize	 as	 [M-H]-,	 when	 comparing	 the	 results	 to	 the	 TBP	 standard	
measured.	XICs	of	 selected	masses	exhibited	peaks	at	early	 retention	 times,	possibly	 from	
mono-,	 di-	 and	 tribromophenol,	 with	 identified	 clusters	 of	 [C6H2OBr3]-,	 [C6H3OBr2]-	 and	
[C6H4OBr]-	 respectively.	 Further,	 three	 clusters	 of	 [C6HnOClx]-	 ions	 (n+x=5,	 1≤x≤3)	 were	
identified	as	mono-,	di-	and	trichlorophenol.	Finally,	a	further	two	clusters	shown	to	originate	
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information	 and	 standards	 available,	 characterization	 of	 the	 CPs	 fraction	 within	 the	 dust	
sample	was	not	further	investigated.	However,	this	demonstrates	again	the	potential	of	this	
mass	 defect	 technique,	 as	 an	 elegant	 way	 in	 identifying	 single	 substances	 or	 homologue	
groups	 of	 brominated	 or	 chlorinated	 compounds	 in	 environmental	 samples.	 Given	 the	
reported	 difficulties	 in	 measuring	 individual	 CPs	 in	 the	 environment	 [204-206],	 further	
exploration	of	the	mass	defect	approach	for	this	application	appears	warranted.	
3.3.5. Other	tentative	compounds	
As	 listed	 in	 Table	 3-1	 other	 brominated	 and	 chlorinated	 compounds	 were	 tentatively	
identified,	 which	 are	 marked	 with	 yellow	 dots	 and	 nr.	 1-6	 in	 Figure	 3-7.	 However,	 exact	
formulae	 and	 compounds	 could	 not	 always	 be	 elucidated.	 Isotopic	 pattern	 of	 these	
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As	 listed	 in	 Table	 3-2other	 brominated	 and	 chlorinated	 compounds	 were	 tentatively	
identified,	which	are	marked	with	yellow	dots	and	nr.	1-9	in	Figure	3-9.	Interestingly	the	same	
exact	mass	286.94392	with	a	transformed	mass	defect	of	0.27	was	detected	as	 in	the	dust	
sample,	 however	 at	 different	 RT	 (5.28	 in	 sediment	 and	 5.13	 in	 dust	 extract).	 Further,	 a	
homologue	 series	was	 observed	 at	 a	 transformed	mass	 defect	 of	 0.38,	with	 a	 distance	 of	
33.96103	Da	between	clusters	(corresponding	to	–H	/	+Cl).	XICs	showed	unresolved	isomer	
mixtures,	 which	 were	 identified	 as	 chlorinated	 terphenyls	 with	 a	 general	 formula	 of	






18	 compounds	 (apart	 from	 the	 9	 spiked	 internal	 standards	 and	 a	 smaller	 fraction	 of	
chlorinated	 paraffins)	 could	 be	 detected	 and	 14	 thereof	 identified.	 Compared	 to	 the	 dust	
sample,	it	appears	that	the	sediment	fingerprint	is	less	complex.	However,	since	two	different	
extraction	 and	 clean-up	protocols	were	 followed	and	 the	 samples	 are	not	 related	 to	 each	
other,	a	direct	comparison	is	not	possible.	Extensive	purification/clean-up	steps	(copper,	acid	
wash,	Florisil)	used	in	the	sediment	extraction	very	likely	reduced	the	organic	compounds	and	
allowed	 to	 investigate	 a	 limited	 fraction	 only.	 Differences	 between	 samples	 could	 also	 be	
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The	 larger	 relative	 abundance	 of	 the	molecular	 ion	 retained	 at	 12	 eV	 compared	 to	 70	 eV	
ionization	energy	is	listed	in	Table	3-3	for	selected	compounds.	
Table	 3-3.	 Selected	 compounds	 measured	 on	 GCxGC-TOF	 at	 12	 and	 70	 eV,	 relative	
abundance	(%)	of	molecular	ion	in	the	mass	spectrum	
Compound	 molecular	Ion	m/z	 %	of	molecular	ion	at	12	eV	 %	of	molecular	ion	at	70	eV	
ATE	 371.8	 9.86	 3.42	
BATE	 449.8	 3.86	 1.70	
HCDBCO	 539.8	 0.35	 0.08	
PBEB	 499.7	 18.8	 6.57	
TDCPP	 430.6	 0.12	 0.08	
BDE153	 643.5	 8.23	 3.17	
EH-TBB	 550.1	 0.17	 0.04	
2,4,6-TBP	 329.8	 34.6	 19.4	
BDE99	 563.7	 20.3	 8.29	
PCB180	 393.9	 29.1	 9.66	
	
3.6. Impact	of	collision	energy	and	fragmentation	in	the	HRAM	Orbitrap		
On	 the	 Orbitrap	 systems,	 fragmentation	 studies	 using	 the	 higher	 energy	 collisional	
dissociation	(HCD)	cell	can	be	run	next	to	the	full	scan	experiment	for	structural	confirmation	
purposes.	 While	 for	 proteins	 the	 collision	 energy	 (CE)	 needed	 to	 achieve	 optimum	
fragmentation	efficiency	follows	a	linear	correlation	with	m/z,	this	is	not	the	case	for	chemical	
compounds	 in	 general.	 The	 Orbitrap	 uses	 a	 normalized	 collision	 energy	 (NCE),	 which	
automatically	 compensates	 for	 the	 mass	 dependency	 and	 adapts	 the	 collision	 energy	
depending	on	 the	m/z,	 i.e.	 higher	 energies	 for	 ions	 at	 higher	m/z.	NCE	 is	 a	 dimensionless	
number,	but	can	be	regarded	as	CE	(in	eV)	for	a	reference	m/z	of	500,	while	the	actual	value	
is	calculated	based	on	the	m/z	of	ions.	Figure	3-13	shows	fragmentation	spectra	of	a	BDE-209	
standard	 at	 stepped	 collision	 energies	 (SCE)	 10,	 20	 and	 30	 and	 the	 occurrence	 of	
debrominated	fragments.	While	at	10	most	of	the	molecular	ion	(m/z	894)	is	not	fragmented	























compounds.	 GCxGC-TOF	 on	 the	 other	 side,	 positively	 identified	 50	 compounds	within	 the	
mixture	at	70	eV	ionization	energy,	with	the	option	of	also	detecting	higher	brominated	and	
chlorinated	compounds	when	using	soft	ionization	at	12	eV	(variable	ionization	energy).	The	
instruments	 advantages	 are	 based	 on	 the	 enhanced	 chromatographic	 separation	 in	 two	
dimensions	 and	 the	ease	of	 use	of	 database	 searches	based	on	 fragmentation	 spectra	 for	
confirmation	purposes.	














correspond	 to	 targeted	 compounds	 and	would	 otherwise	 be	 very	 challenging	 to	 discover.	
Especially,	 when	 series	 of	 related	 compounds	 have	 been	 identified,	 such	 as	 chlorinated	
paraffins	and	-terphenyls	in	the	investigated	samples.	In	the	case	of	our	study,	the	MD	plot	
revealed	 the	 presence	 of	 both	 brominated	 contaminants	 (including	 LBFRs,	 NBFRS,	








environmental	 samples,	 especially	 when	 combined	 with	 automated	 scripts	 for	 data	
extraction.	Examples	include,	identification	of	novel	classes	of	environmental	contaminants	








BFRs	generally	have	 limited	biodegradability,	are	persistent	and	 tend	 to	accumulate	 in	 the	
environment	[212].	Due	to	their	chemical	properties,	BFRs	tend	to	partition	to	organic	carbon	
rich	matter	and	have	been	detected	in	samples	of	sediment,	dust	and	sewage	sludge	around	




221].	 However,	 apart	 from	 one	 study	 in	 the	 UK	 [217],	 which	 analysed	 a	 broad	 range	 of	
halogenated	flame	retardants	in	both	marine	and	fresh	water	sediments,	other	studies	in	the	
UK	have	mainly	focused	on	PBDEs	and	HBCDDs.	Given	this	lack	of	information	on	the	levels	
and	 profiles	 of	 NBFRs	 in	 freshwater	 sediments,	 the	 aim	 of	 this	 study	 was	 to	 compare	
concentrations	of	13	PBDEs,	HBCDDs,	TBBPA	and	10	selected	(N)BFRs	in	samples	of	surficial	
sediments	 taken	 at	 45	 locations	 along	 the	 River	 Thames	 in	 the	 UK.	 In	 addition,	 spatial	
variations	in	(N)BFR	concentrations	were	examined	relative	to	the	location	of	activities	such	
as	sewage	outfalls,	 in	an	effort	to	identify	potential	sources	of	these	BFRs	to	the	river.	The	
Thames	was	chosen	as	 it	 is	one	of	the	major	rivers	 in	Europe	and	spatial	trends	relative	to	









Mean,	median	and	concentration	 ranges	of	our	 target	BFRs	 in	surface	sediments	 from	the	
River	Thames	are	summarized	in	Table	4-1,	while	an	overview	of	individual	PBDE	congeners	is	
illustrated	in	Figure	4-2	(a	table	with	concentrations	of	all	PBDE	congeners	can	be	found	in	














































Compound	 DF	(%)	 Median	 Average	 Range	 Median	 Average	 Range	
	 	 µg	kg-1	dry	weight	 µg	kg-1	organic	carbon	
S12BDEs	 16-100	 3.8	 5.9	 n.d.	–	29	 182	 228	 n.d.	–	672	
BDE-28	 27	 <0.2	 0.4	 n.d.	–	4.0	 <0.2	 12	 n.d.	–	116	
BDE-47	 53	 <0.03	 0.2	 n.d.	–	2.5	 <0.03	 6.7	 n.d.	–	48	
BDE-99	 71	 0.5	 0.8	 n.d.	–	4.4	 15	 28	 n.d.	–	130	
BDE-153	 16	 <0.01	 0.03	 n.d.	–	0.6	 <0.01	 1.2	 n.d.	–	33	
BDE-183	 71	 0.05	 0.1	 n.d.	–	0.7	 0.4	 3.3	 n.d.	–	23	
BDE-206	 96	 2.6	 3.3	 n.d.	–	11.7	 115	 135	 n.d.	–	389		
BDE-209	 100	 148	 174	 0.03	-	535	 6969	 7673	 0.03	-	20762	
SHBCDDs	 91	 1.9	 3.7	 n.d.	–	38	 67	 157	 n.d.	–	1357	
TBBPA	 98	 0.6	 0.6	 n.d.	–	2.6	 21	 34	 n.d.	–	476	
EH-TBB	 0	 <0.03	 <0.03	
BEH-TEBP	 76	 2.1	 3.5	 n.d.	–	14	 100	 134	 n.d.	–	445	
BTBPE	 51	 <0.02	 0.4	 n.d.	–	3.8	 0.7	 15	 n.d.	–	142	
TBP	 69	 0.1	 0.1	 n.d.	–	0.4	 3.5	 4.6	 n.d.	–	34	
asDP	 11	 <0.04	 2.0	 n.d.	–	66	 <0.04	 51	 n.d.	–	1249	
PBEB	 7	 <0.06	 1.7	 n.d.	–	48	 <0.06	 53	 n.d.	–	1385	
DBDPE	 20	 <0.45	 1.3	 n.d.	–	24	 <0.45	 42	 n.d.	–	1154	
α/β-DBE-DBCH	 0	 <1.1	 <1.1	
HBB	 0	 <0.03	 <0.03	




























































PBDE	 levels	 showed	wide	 variability	 in	 sediments	 at	 the	 45	 sites	 sampled	 along	 the	 River	












our	 study.	 Other	 PBDEs	 were	 detected	 in	 our	 samples	 at	 lower	 levels,	 with	 prominent	
congeners	being	BDE-206,	followed	by	BDE-99	and	BDE-28.	Sediments	from	several	UK	lakes	
[55]	contained	BDE-209	at	concentrations	ranging	from	1.63	to	116	µg	kg-1	dw.	Meanwhile,	


























HBCDDs	 (sum	 of	 α-,β-,	 and	 γ	 HBCDD)	 in	 our	 study	 were	 detected	 in	 most	 samples	 (91%	
detection	frequency)	at	an	average	concentration	of	3.7	µg	kg-1	dw,	which	is	comparable	to	
the	average	concentrations	of	Σ12BDEs	 (excluding	BDE-209)	we	report	with	5.9	µg	kg-1	dw.	












HBCDDs	 and	 Σ12BDEs.	 Comparatively	 few	 studies	 have	 reported	 TBBPA	 concentrations	 in	
European	 sediment	 samples.	 Sediments	 from	 the	 southern	 and	 northern	 UK	 coast	 were	
reported	with	values	up	to	6.4	µg	kg-1	dw	for	TBBPA	and	an	average	of	1.7	and	2.7	µg	kg-1	dw	


























BEH-TEBP	 and	 EH-TBB	 are	 two	 of	 the	main	 constituents	 of	 the	 technical	 flame	 retardant	





air	 [60],	 food	 and	human	milk	 [67],	 as	well	 soil	 samples	 [60].	 In	 general,	where	 reported,	
BEH-TEBP	was	 detected	 at	 concentrations	 1-2	 orders	 of	magnitude	 higher	 than	what	was	
found	for	EH-TBB.	Furthermore,	EH-TBB	was	not	detected	in	outdoor	air	or	soil	[60],	consistent	
with	the	absence	of	the	compound	in	our	sediments.		

















The	 non-appearance	 of	 DBE-DBCH	 from	 our	 sediment	 samples	 is	 perhaps	 surprising	 as	

























construction	 facilities,	 as	 well	 the	 textile	 manufacturing	 industries.	 Inspection	 of	 HBCDD	
diastereomer	profiles	at	the	three	locations	above,	revealed	the	profile	to	resemble	that	of	
the	technical	mixture,	with	γ-HBCDD	predominant	(85-92	%),	followed	by	α–HBCDD	(6-12	%)	
and	 β-HBCDD	 (2-3	%)	 only	 present	 in	 small	 quantities,	 as	 shown	 in	 Figure	 4-4.	 This	 could	
indicate	fresh	input	sources	at	the	locations	of	the	analysed	sediments,	as	the	diastereomer	
profile	in	these	samples	differs	markedly	from	that	in	other	samples	(Figure	4-3).		In	average,	
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maintenance	 dredging	 which	 has	 the	 potential	 to	 mobilise	 and	 redistribute	 sediments	 or	
requires	 disposal	 at	 sea	 or	 on-land.	 Recent	 evaluation	 of	 historical	 sediment	 profiles	 of	
mercury	 (Hg)	 [186]	 as	 well	 as	 surface	 distributions	 of	 phosphorus	 (P)	 [231]	 and	 natural	
tetraether	 lipids	 [185]	 confirm	 that	 contamination	 originates	 from	 both	 diffuse	 and	 point	














































































comparing	 congener	 profiles	 in	 environmental	 samples	 with	 those	 in	 the	 commercial	
formulations,	as	congener-specific	differences	in	physicochemical	properties	will	modify	the	
congener	profile	between	source	and	receptor.	In	general,	no	significant	differences	can	be	
observed	 between	 the	 pattern	 of	 PBDEs	 between	 the	 industrial	 and	 non-industrial	 area.	
Compared	 to	 the	 technical	 Penta-BDE	mixture,	 the	 PBDE	 profile	 pattern	 in	 our	 sediment	
samples	is	shifted	towards	lower	brominated	congeners	such	as	BDE-28,	possibly	indicating	
debromination	 reactions.	 The	 figure	 further	 shows	 that	 even	 though	 the	 ratio	 between	
BDE-47	and	99	is	shifted	towards	the	latter	congener,	most	likely	due	the	stronger	partition	of	
BDE	 99	 to	 sediments,	 even	 though	BDE-99	 is	 also	 present	 at	 higher	 concentrations	 in	 the	
Penta-BDE	mixture.	For	the	Octa-BDE	technical	mixture,	the	higher	contribution	of	BDE-206	
than	BDE-207	is	indicative	of	a	shift	from	the	commercial	formulations	of	both	the	octa	and	
deca	 mix.	 This	 likely	 indicates	 debromination	 of	 BDE-209	 as	 the	 source	 of	 the	 elevated	
BDE-206	 levels	 [232],	but	might	also	underline	 that	 the	octa	mixture	has	not	heavily	been	
used.	The	technical	Deca-BDE	however,	showed	no	deviation	from	the	pattern	in	our	sediment	












































































































80.916290)	 was	 queried	 from	 the	 full	 scan	 -	 all	 ion	 fragmentation	 (AIF)	 acquisition	 using	
Xcalibur	 software.	 This	 revealed	 the	 presence	 of	 brominated	 compounds	 with	 shorter	
retention	times	than	brominated	PBDEs.	Further	investigation	of	the	accurate	mass,	isotope	





algae	 [119]	 as	well	 as	 sediments	 [120],	 surface	waters	 [121]	 and	 sewage	 treatment	 plant	
















our	 sediment	 samples	 for	 those	 such	 as:	 2,3,5,6,-tetrabromo-p-xylene	 (TBX),	 tris(2,3-
dibromopropyl)	 phosphate	 (TDBPP),	 tetrabromo-bisphenoldiallylether	 (TBBPA-DAE),	
tetrabromobisphenol-bis(2,3-dibromopropylether)	 (TBBPA-DBPE),	 octabromotrimethyl-





mode	 revealed	 the	 presence	 of	 impurities	 (i.e.	 HO-BDE-28	 standard	 contain	 traces	 of	 a	
HO-di-BDE	as	shown	in	
Figure	 4-9,	 while	 the	 6-HO-BDE-47	 standard	 contains	 several	 impurities	 of	 HO-tri-BDE	 as	
illustrated	in	Figure	4-14,	of	which	likely	HO-BDE-28	at	retention	time	5.66).	While	in	sediment	
sample	nr.	22	HO-BDE-28	was	identified	due	to	comparative	fragmentation	measurements	of	
the	 standard	 (Figure	 4-11)	 and	 sediment	 sample	 (Figure	 4-10),	 sediment	 sample	 nr.	 21	
revealed	the	presence	of	6-HO-BDE-47,	based	again	on	comparable	retention	time,	accurate	
mass	and	MS2	profile	(MS2	of	peak	in	sediment	sample	as	shown	in		Figure	4-16	compared	to	
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chromatographic	 separation	 was	 seen	 and	 confirm	 it	 is	 not	 an	 in-source	 fragmentation	
pattern.	The	presence	of	mono-	and	dibromophenols	in	these	and	other	selected	sediment	
samples	 further	 supports	 the	 occurrence	 of	 OH-BDEs	 in	 our	 samples	 through	 possible	






NBFRs,	 but	 also	 show	which	 of	 the	 legacy	 BFRs	 are	 still	 in	 use	 or	 reach	 the	 river	 through	
leachates.	The	spatial	distributions	indicate	that	the	input	and	presence	of	industrial	activity	
and	 sewage	 treatment	 plants	 is	 a	 major	 source	 of	 (N)BFRs	 to	 the	 river.	 Whether	 these	
compounds	 in	 the	 investigated	 area	 originate	 from	 leachates	 from	 consumer	 products	 on	
landfill	sites,	sewage	treatment	plants	or	are	emissions	from	industry	cannot	be	confirmed	at	
this	point.	A	study	on	the	industries	employing	BFR	in	their	products	in	the	investigated	area	




Results	 indicate	 that	 BDE-209	 is	 the	 predominant	 congener	 in	 all	 samples,	 accounting	 for	
~	95	%	of	total	PBDEs	detected,	with	a	concentration	range	of	<0.1	to	540	µg	kg-1	dw.	This	
finding	is	of	interest	due	to	the	recent	listing	of	DecaBDE	under	the	Stockholm	Convention,	






river,	 possibly	 indicating	 a	 similar	 source	 input.	 Spatial	 variation	 analysis	 of	 the	 sediment	
samples	further	revealed	that	locations	within	the	industrial	area	of	London	had	significantly	



























been	 reported	 to	 be	 susceptible	 to	 various	 types	 of	 transformation	 reactions,	 including	
photochemical	reactions	[4].	These	have	been	extensively	studied,	especially	for	PBDEs,	with	




and	 toxic	halogenated	species	 [98,	234].	 In	vitro	 studies	 for	example	 showed	 that	 sunlight	
generated	 by-products	 of	 BDE-209	 affected	 the	 expression	 of	 genes	 in	 chicken	 embryonic	






under	 the	 action	 of	 solar	 irradiation	 [98].	 Several	 studies	 have	 investigated	 the	





the	 two	 major	 paths	 for	 the	 production	 of	 lower	 brominated	 BDEs	 [103,	 238]	 	 and	
polybrominated	dibenzofurans	(PBDFs)	[102,	236,	239],	respectively.	
Other	 derivatives	 formed	 from	 PBDEs	 include	 hydroxylated	 PBDEs	 (OH-PBDEs)	 [126]	 and	
bromophenols	[240],	as	a	result	of	the	reaction	of	PBDEs	with	OH	radicals	originating	from	
aqueous	 and	 atmospheric	 systems	 [236].	 Additionally,	 OH-PBDEs	 have	 been	 reported	 to	
produce	 polybrominated	 dibenzo-p-dioxins	 (PBDDs)	 through	 photochemical	 ring	 closure	
[241].	 It	 was	 further	 shown	 that	 dibromophenols	 have	 the	 potential	 to	 form	 OH-PBDEs	
through	photoformation	involving	2,6-bromophenoxyl	radicals	[242].		







reported	 the	 change	 in	 diastereomer	 pattern	 and	 reductive	 debromination	 of	 HBCDDs	
through	 the	 loss	of	HBr	 to	 form	tetra-	and	pentabrominated	derivatives	 (TBCDDs/PBCDDs)	
[101,	 245].	 However,	 no	 debromination	 or	 isomerization	 of	 HBCDD	 diastereomers	 was	
observed	in	textiles	under	natural	sunlight	exposure	[102].	Also	studies	on	photodegradation	





To	 date,	 only	 a	 limited	 number	 of	 studies	 have	 focused	 on	 the	 photolytic	 degradation	 of	
NBFRs.	While	 some	data	 is	 available	 on	 controlled	 exposure	 experiments,	 field-based	 fate	
studies	are	lacking.	The	first	study	to	report	the	photodegradation	of	EH-TBB	and	BEH-TEBP,	
alongside	nonaBDE	congeners,	was	in	2009	in	three	different	solvents	(methanol,	toluene	and	
THF)	 which	were	 exposed	 to	 natural	 sunlight.	 The	 authors	 reported	 the	 degradation	 rate	
constant	of	EH-TBB	and	BEH-TEBP	to	be	an	order	of	magnitude	lower	compared	to	nonaBDEs	
and	identified	debrominated	products	as	result	of	the	degradation	[103].	The	photochemical	
transformation	 of	 EH-TBB	 and	 BEH-TEBP	 was	 also	 investigated	 in	 a	 mesocosm	 with	 the	




The	 photolytic	 degradation	 of	 DBDPE	 was	 studied	 in	 a	 variety	 of	 matrixes	 (hexane,	 THF,	
methanol/water,	humic	acid/water	and	silica	gel)	under	UV	irradiation	and	in	hexane	under	












selection	 of	 wavelengths	 [98].	 The	 effect	 of	 different	 solvents	 in	 photochemical	
transformations	 for	 selected	 PBDEs	 has	 been	 investigated	 [28]	 and	 their	mechanisms	 and	




Calculations	 of	 photodegradation	 rate	 constants	 and	 half-lives	 was	 fitted	 to	 a	 first-order	





For	 exposure	 experiments	 following	 a	 1st	 order	 kinetic	model,	 half-lives	 where	 calculated	
according	to	equation	5-4,	which	was	derived	from	5-1	through	equations	5-2	and	5-3.	
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Table	 5-1.	 Photodegradation	 kinetics	 for	 indoor	 exposure	 experiments	 for	 EH-TBB,	
BEH-TEBP,	BTBPE	and	DBDPE,	including	half-lives	t1/2	and	linearity	of	the	decay	R2		

































































value	 of	 0.69).	 Again,	 graphs	 of	 kinetics	 and	 decay	 can	 be	 found	 in	 Appendix	 III.	 When,	
comparing	these	with	the	values	obtained	for	indoor	experiments,	half-lives	are	an	order	of	
magnitude	 higher	 indoors,	 except	 for	 BTBPE	 were	 degradation	 values	 were	 found	 to	 be	
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Davis	 et	 al.	 reported	 half-lives	 of	 EH-TBB	 in	 toluene	 and	 methanol	 with	 2.7	 and	 1.6	 h-1,	
respectively,	while	for	BEH-TEBP	half-lives	of	2.4	and	3.7	h-1	were	calculated	in	these	solvents	




Degradation	 kinetics	 of	 UV-B/C	 exposure	 experiments	 for	 EH-TBB,	 BEH-TEBP,	 BTBPE	 and	
DBPDE	in	methanol	are	summarised	in	Table	5-3.	Degradation	rate	constants	were	higher	and	
half-lives	shorter	for	all	compounds,	compared	to	the	indoor	/	outdoor	exposure	experiments.	
However,	 except	 for	 BTBPE,	 no	 significant	 difference	 in	 kinetics	 between	 UV-B	 and	 UV-C	




UV-C	 energy	 input	 however	 seems	 sufficiently	 high	 to	 compensate	 for	 these	 differences	
between	BTBPE	and	the	other	compounds.	Detailed	graphs	used	for	calculation	are	shown	in	
Appendix	III.		
Table	 5-3.	 Photodegradation	 kinetics	 (rate	 constant	 k	 and	 half-life	 t1/2)	 for	 UV-B	 /	 UV-C	
exposure	 experiments	 calculated	 for	 EH-TBB,	 BEH-TEBP,	 BTBPE	 and	DBDPE	 in	methanol,	
including	degradation	rate	constant	k,	half-lives	t1/2	and	linearity	of	the	decay	R2	
	 UV-B	 	 UV-C	 	
analyte	 k	(h-1)	 t1/2	(h-1)	 R2	 k	(h-1)	 t1/2	(h-1)	 R2	
EH-TBB	 0.150	 4.6	 0.92	 0.141	 4.9	 0.99	
BEH-TEBP	 0.145	 4.8	 0.99	 0.147	 4.7	 0.98	
BTBPE	 0.019	 36.5	 0.93	 0.141	 4.9	 0.99	







Degradation	 products	 identified	 for	 EH-TBB	 are	 listed	 in	 Table	 5-4.	 Two	main	 degradation	
products	were	formed	through	stepwise	reductive	debromination,	with	the	loss	of	1	and	2	
bromines.	XICs	for	identified	products	are	shown	in	Figure	5-5	and	Figure	5-6	for	UV-C	and	
outdoor	 solar	 exposure,	 respectively.	 Both	 the	 outdoor	 and	 UV-C	 exposure	 experiment	
indicate	the	formation	of	comparable	degradation	products.	The	presence	of	several	peaks	
for	 P1	 and	 P2	 in	 the	 XIC	 traces	 possibly	 relates	 to	 the	 difference	 in	 the	 position	 specific	
arrangement	 of	 the	 bromine	 atoms	 in	 the	 compound,	 as	 the	 formation	 of	 different	



















degradation	products	 formula	 measured	ion	 ion	formed	 ppm	
	 484.87856	 EH-TBB	 C15H18Br4O2	 [C15H18Br3O3]-	 [M-Br+O]-	 -3.7	
P1	 406.96860	 tribrominated	EH-TBB	 C15H19Br3O2	 [C15H19Br2O3]-	 [M-Br+O]-	 -3.9	
P2	 327.06013	 dibrominated	EH-TBB	 C15H20Br2O2	 [C15H20BrO3]-	 [M-Br+O]-	 -4.0	
	
These	 two	debrominated	degradation	products	 P1	 and	P2	have	been	 tentatively	 reported	
earlier	by	Davis	et	al.	 [103]	and	de	Jourdan	et	al.	 [247],	 in	both	cases	measured	on	GC-MS	
instrumentation.	Additionally,	it	was	reported	that	several	other	brominated	transformation	
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for	 UV-C	 and	 outdoor	 solar	 exposure,	 respectively,	 while	 Figure	 5-10	 show	 the	 stepwise	
formation	 of	 these	 degradation	 products	 over	 time.	 Davis	 et	 al.	 [103]	 also	 reported	 the	
presence	of	di-	and	tribrominated	BEH-TEBP,	but	not	monobrominated.	Further,	the	group	
reported	the	presence	of	several	other	di-	and	tribrominated	analogues,	while	most	of	them	
were	missing	both	alkane	branches.	Our	data	does	not	 indicate	 the	presence	of	 the	 latter	
compounds,	 but	 further	 investigation	might	 be	necessary.	De	 Jourdan	et	 al.	 proposed	 the	
formation	of	an	anhydride	in	his	photo	transformation	experiments	as	shown	in	Figure	5-11	
[247].	 However,	 this	 was	 not	 detected	 in	 any	 of	 our	 conducted	 experiments.	 Their	





Table	 5-5.	 Identified	 BEH-TEBP	 (C24H34Br4O4)	 degradation	 products,	 including	 measured	
accurate	mass-to-charge	and	mass	deviation;	tentative	formula	and	measured	ion	
#	 m/z	 Degradation	products	 formula	 measured	ion	 ion	formed	 ppm	
	 640.99165	 BEH-TEBP		 C24H34Br4O4	 [C24H34Br3O5]-	 [M-Br+O]-	 -3.9	
P1	 563.08142	 tribrominated	BEH-TEBP	 C24H35Br3O4	 [C24H35Br2O5]-	 [M-Br+O]-	 -3.9	
P2	 483.17358	 dibrominated	BEH-TEBP	 C24H36Br2O5	 [C24H36BrO5]-	 [M-Br+O]-	 -3.3	
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TEBP	 and	 DBDPE	 had	 comparable	 degradation	 constants	 within	 each	 experiment,	 BTBPE	
degraded	comparatively	slower,	with	the	exception	for	UV-C	exposure,	where	the	irradiation	
energy	probably	was	 large	enough	 to	compensate	 for	 the	higher	 structural	 stability	of	 the	
compound.	Further	investigations	into	the	exact	mechanisms	and	kinetics	of	the	degradation	
reactions	seems	appropriate.		
Photolysis	 experiments	 conducted	 with	 all	 four	 compounds	 indicated	 the	 sequential	
debromination	 reaction	 to	 form	 lower	 brominated	 compounds.	 For	 EH-TBB	 di-	 and	
tribrominated	 products	 were	 formed,	 BEH-TEBP	 showed	 formation	 of	 mono-,	 di-	 and	





[112],	 hence	 the	ban	of	 the	 technical	 PentaBDE	 and	OctaBDE	mixture,	 as	well	 as	 recently	
DecaBDE,	 which	 has	 the	 potential	 to	 form	 lower	 brominated	 species.	 It	 is	 of	 special	
importance	to	conduct	field-based	fate	experiments	in	relevant	environmental	matrixes	(i.e.	
dust,	 plastics	 and	 textiles	 for	 indoor	 environment,	 soil	 and	 sediments	 for	 outdoor	
environment)	and	understand	how	they	compare	to	our	findings.	However,	it	has	to	be	noted	
that	these	results	might	differ	significantly,	as	for	example	no	debromination	products	were	
formed	 in	plastic	 samples	containing	DBDPE	exposed	to	natural	 sunlight	 [249].	Differences	
may	originate	from	the	fact	that	compounds	are	matrix	bound	and	energy	transfer	mechanism	
differ	 (absorbance	 of	 energy	 by	 the	matrix,	 shielding	 effects	 etc.).	 It	 is	 important	 to	 also	
consider	the	use	of	validated	procedures,	which	are	capable	of	extracting	both	parent	and	
transformation	 products	 from	 the	matrix.	 Here,	 the	 availability	 of	 authentic	 standards	 of	


















When	 focusing	 on	 subcellular	 fractions,	 these	 can	 be	 further	 divided	 into	 3	 categories	 as	
shown	in	Table	6-1.	While	S9	fractions	contain	both	the	microsomal	and	cytosolic	fractions	of	
cells,	which	allow	to	obtain	information	on	both	phase	I	and	phase	II	metabolic	pathways,	the	



















Cytochromes	P450	(CYP)	 X	 X	 	










This	 can	 aid	 the	 assessment	 of	 risk	 for	 human	 and	 environmental	 health,	 through	 the	
understanding	of	 toxic	 effects	 of	 formed	metabolites	 and	 the	 choice	of	model	 species	 for	








debromination,	or	as	oxidative	metabolism,	 leading	 to	 the	 formation	of	 lower	brominated	
congeners	and	hydroxylated	PBDEs	(HO-PBDE),	respectively	[4].	It	was	indicated	for	example	
that	 in	 fish,	 PBDEs	 tend	 to	 be	 reductively	 debrominated	 [259-261],	 while	 mammals	 and	
rodents	 primarily	 form	 HO-PBDE	 through	 oxidative	 processes	 [259,	 260,	 262].	 HO-PBDE	
	 153	
metabolites	 are	 of	 special	 toxicological	 interest,	 since	 they	 often	 show	 greater	 biological	
activity	compared	to	their	parent	compounds	[130,	263]	and	possible	endocrine	disrupting	
potential	[23].		




For	 HBCDDs,	 the	metabolism	 of	 the	 three	 stereoisomers	was	 investigated	 by	 human	 liver	
microsomes	(HLM)	[270],	as	well	as	rat	and	trout	liver	S9	fractions	[190].	Metabolites	formed	
include	 mono-	 and	 dihydroxylated	 HBCDDs,	 pentabromocyclododecenes	 (PBCDDs)	 and	
tetrabromocyclododecadienes	 (TBCDDs)	 through	 reductive	 debromination,	 as	 well	 as	















EH-TBB,	BEH-TEBP,	DBE-DBCH	and	BTBPE	for	 initial	 screening	purposes.	 In	 the	 literature,	a	




enzyme	 activities	 and	 hepatic	 intrinsic	 clearance	 rates	 of	 trout	was	 also	 conducted	 [258].	










the	 injection	 of	 a	 reference	 standard	 of	 the	metabolite,	 including	 comparison	 of	 accurate	
mass,	retention	time,	isotopic	pattern	and	MS/MS	fragmentation	spectra.	Further,	TBBA	was	
quantified	 in	 follow-up	 temperature	 experiments	 by	 the	 addition	 of	 13C-TBBA	 as	 internal	
standard.	The	formation	of	TBBA	has	also	been	reported	in	in	vitro	studies	employing	human	
and	rat	liver	microsomes	and	intestinal	subcellular	fractions		[257],	through	cleavage	of	the	2-
ethylhexyl	 chain	 in	 all	 experiments	 as	 shown	 in	 Figure	 6-1.	 Interestingly,	 another	 study	
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metabolites	 for	 BEH-TEBP.	 However,	 they	 reported	 the	 formation	 of	 mono(2-ethylhexyl)	
tetrabromophthalate	 (TBMEHP),	 when	 exposing	 BEH-TEBP	 to	 purified	 porcine	
carboxylesterase	[257].	Contrasting	to	the	above,	for	EH-TBB	they	found	TBBA	to	be	the	main	
metabolite	formed.	
When	 comparing	 the	 metabolite	 formation	 of	 EH-TBB	 and	 the	 lack	 of	 reported	
biotransformation	for	BEH-TEBP,	a	possible	explanation	could	be	the	open	ring	site	of	EH-TBB	
which	 enables	 enzymatic	 activity	 to	 occur	 [73],	 while	 BEH-TEBP	 has	 a	more	 bulky,	 closed	
structure.		
The	 metabolism	 of	 di(2-ethylhexyl)phthalate	 (DEHP),	 a	 structural	 analogue	 of	 BEH-TEBP	
lacking	the	four	bromine	atoms,	has	been	studied	in	rainbow	trout	[279],	as	well	as	human	























in	vivo	 blood	/	muscle	/	liver	 BDE-209	 10.5-23.5	 [269]	
in	vivo	 TLM	/	S9	 Enzyme	activity	 10	 [258]	
in	vivo	 TLM	 13	BDEs	 12	 [282]	
in	vivo	 bile	/	urine	 DEHP	 12	 [279]	
in	vitro	 thyroid	 ß-DBE-DBCH	 12	–	15	 [278]	
in	vitro	 S9	 HBCDD	 15	 [190]	
in	vivo	 liver	/	blood	/	kidney	 BDE-209	 15	±	2	 [267,	268]	
in	vivo	/	in	vitro	 liver	/	blood	/	intestine	 BDE-209	 25	 [112]	
	
To	 examine	 the	 temperature	 dependency	 of	metabolite	 formation,	 TLM	were	 exposed	 to	
EH-TBB	for	60	min	at	temperatures	of	10,	15,	20	and	30	°C.	TBBA	formation	and	reduction	in	
EH-TBB	were	quantified	(using	13C-TBBA	and	13C-EH-TBB	as	internal	standard,	respectively),	as	
illustrated	 in	Figure	6-4.	Results	 indicate	an	 increase	of	the	enzyme’s	catalytic	activity	with	
increasing	temperature,	while	the	optimal	temperature	might	be	above	30	°C.	However,	since	
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juvenile	 rainbow	 trout	 [273]	 concluded	 that	 while	 EH-TBB	 is	 rapidly	 depurated	 and/or	












the	detection	of	metabolites	 from	parent	 compounds,	 as	 described	 in	 2.6.5	 and	 shown	 in	
Figure	2-22	(for	monohydroxy-DBE-DBCH).	Structural	confirmation	was	based	on	molecular	








was	 studied	 separately	 (panel	 c)	 to	 aid	 in	 the	 interpretation	 of	 results.	 Therefore,	 the	
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research	 and	 the	 availability	 of	 metabolite	 standards	 are	 needed	 to	 confirm	 whether	













For	 technical	 DBE-DBCH,	 the	 maximum	 metabolic	 rate	 vmax	 indicates	 that	 monohydroxy-












not	 detect	 any	metabolites	 produced,	 albeit	 focusing	 only	 on	 two	 potential	 dibrominated	
metabolites.	 A	 similar	 study	 exposing	 the	 same	 species	 to	 environmentally	 relevant	
concentrations	 of	 ß-DBE-DBCH	 equally	 failed	 to	 detect	 any	 debrominated	 or	










































results	 and	 conclusions	 taken.	 Several	 negative	 controls	 were	 included	 with	 each	 of	 our	
experiment	 to	 avoid	 any	 false	 positives.	 Further	 research	 is	 necessary	 to	 understand	 the	
potential	differences	between	observations	made	in	in	vivo	and	in	vitro	studies,	as	well	as	to	
understand	which	metabolites	 are	 formed	 and	where,	 how	 they	 compare	 to	 their	 parent	
compounds	in	terms	of	toxicity,	as	well	how	they	are	possibly	eliminated	from	the	organism.	
Especially,	when	considering	that	these	contaminants	and	their	metabolites	can	be	magnified	
through	 the	 food	 chain	 to	 reach	 top-trophic-level	 organism	 or	 end	 up	 in	 food	 for	 human	
consumption.	 With	 this	 information	 and	 as	 a	 next	 step,	 biota	 samples	 (or	 samples	 from	



































passing	 through	 the	 industrial	 area	 of	 the	 city.	 Results	 indicate	 that	 BDE-209	 is	 the	
predominant	congener	in	all	samples,	accounting	for	~	95	%	of	total	PBDEs	detected,	with	
a	concentration	range	of	<0.1	to	540	µg	kg-1	dw.	This	finding	is	of	interest	due	to	the	recent	
listing	of	DecaBDE	under	 the	Stockholm	Convention,	which	underlines	 the	 current	 and	
future	 environmental	 concern	 over	 this	 BFR.	 Further,	 indicative	 evidence	 of	
debromination	of	PentaBDE	was	observed	through	elevated	levels	of	BDE-28.	NBFRs	were	
detected	 in	the	following	order	(detection	frequency):	BEH-TEBP	(76	%)	>	TBP	(69	%)	>	
BTBPE	 (51	%),	with	 DBDPE	 (20	%),	 DP	 (11	%)	 and	 PBEB	 (7	%)	 identified	 only	 in	 a	 few	
samples.	Concentrations	of	BEH-TEBP	were	found	to	be	of	a	comparable	range	to	those	
found	for	Σ12BDEs	in	this	study,	as	well	as	showing	a	similar	concentration	pattern	along	
the	 river,	 possibly	 indicating	 a	 similar	 source	 input.	 Spatial	 variation	 analysis	 of	 the	
sediment	samples	further	revealed	that	locations	within	the	industrial	area	of	London	had	
significantly	 higher	 concentrations	 of	 Σ12BDEs,	 HBCDDs,	 TBBPA,	 as	 well	 as	 BEH-TEBP,	
BTBPE	and	TBP.	Therefore,	it	is	suggested	to	especially	track	the	latter	three	compounds	
as	NBFRs	 candidates	 in	 future	environmental	 studies.	 Analysis	 of	HBCDD	diastereomer	
patterns	 revealed	 samples	 from	 three	 locations	 within	 the	 industrial	 area	 possessed	
	 171	
comparatively	 high	 concentrations	 and	 diastereomer	 profiles	 matching	 those	 of	 the	
technical	 mixture.	 This	 could	 possibly	 indicate	 fresh	 input	 sources	 at	 these	 locations.	
Further,	 the	 presence	 of	 bromophenols	 and	 hydroxylated	 PBDEs	 in	 the	 analysed	
sediments	indicate	the	presence	of	transformation	product	in	the	environment	and	need	
to	 be	 further	 investigated.	 Giving	 a	 final	 verdict	 on	 whether	 these	 compounds	 in	 the	
investigated	 area	 originate	 from	 leachates	 from	 consumer	 products	 on	 landfill	 sites,	
sewage	treatment	plants	or	are	emissions	from	industry	cannot	be	confirmed	at	this	point.	
A	 study	 on	 the	 industries	 employing	 BFR	 in	 their	 products	 in	 the	 investigated	 area	 is	
necessary	 to	 identify	 potential	 sources.	 Sediment	 can	 be	 regarded	 as	 sinks	 for	



















































• Increase	use	of	 high	 resolution	 instrumentation	platforms	 and	HR	data	 acquisition,	
allowing	 for	 the	 retrospective	screening	of	 future	compounds	of	 interest	 in	already	










• Consider	 the	 toxic	 implications	 of	 the	 degradation	 /	 biotransformation	 products	
identified	in	this	study	and	follow-up	studies	to	understand	the	fate	and	behaviour	of	
these	chemicals,	with	the	final	aim	of	taking	regulatory	decisions	where	necessary.		
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This	 document	 describes	 the	 generically	 applicable	 methods	 and	 procedures	 that	 all	
researchers	within	 the	 group	must	 follow	 to	 ensure	 the	 reliability	 of	 their	 analytical	 data.	
Methods	that	apply	only	to	a	specific	group	of	pollutants	are	not	covered	here.	If	you	have	























































































a	 record	 kept.	 Following	 the	 autotune	 (which	 should	 detect	 any	major	 problems	with	 the	
GC/MS),	a	manual	tune	must	be	conducted.	The	purpose	of	the	manual	tune	is	to	maximise	
sensitivity	 and	 instrument	 performance	 for	 the	 particular	 group	 of	 compounds	 you	 are	
targeting.	As	a	general	rule,	while	during	tuning	the	detector	voltage	should	be	set	at	200V,	
you	should	set	the	detector	voltage	to	450V	(i.e.	that	necessary	to	detect	compounds	in	the	















of	 internal	 standards	 are	 calculated	 for	 each	 sample	 as	 a	QA/QC	measure.	 Typically,	 such	
recoveries	should	be	around	70%,	but	they	may	routinely	fall	in	the	range	30%-150%.	If	values	














both	 calibration	 standards	 run	 for	 a	 batch	 of	 samples	 is	 used);	 (CIS/CRDS)STD	 =	 ratio	 of	
concentration	of	internal	standard	to	concentration	of	recovery	determination	standard	in	the	
calibration	 standard;	 and	 (CRDS/CIS)S	 =	 ratio	 of	 concentration	 of	 recovery	 determination	
standard	to	concentration	of	internal	standard	in	the	sample	(assuming	100%	recovery).	Note	



























where	 (ASES/ARDS)S	 =	 ration	 of	 sampling	 evaluation	 standard	 peak	 area	 to	 recovery	
determination	 standard	 peak	 area	 in	 the	 sample;	 (ARDS/ASES)STD	 =	 ratio	 of	 recovery	
determination	 standard	 peak	 area	 to	 sampling	 evaluation	 standard	 peak	 area	 in	 the	
calibration	standard	(the	average	of	values	obtained	for	both	calibration	standards	run	for	a	








































for	 every	 5	 samples	 –	 i.e.	 every	 6th	 analysis	 you	 perform	 must	 be	 a	 blank.	 Where	 the	












determined	 by	 calculating	 the	 signal	 to	 noise	 ratio	 for	 the	 pollutant	 in	 your	 calibration	
standard	A.	To	illustrate,	if	the	concentration	of	a	target	pollutant	in	that	standard	=	20	pg/µ1	

















































RRT	 =	 retention	 time	 of	 target	 pollutant/retention	 time	 of	 internal	 standard	 used	 to	
quantify	target	pollutant.	
	
The	 above	 criteria	 apply	 to	 all	 target	 pollutants.	 For	 organochlorine	 and	 organobromine	
pollutants,	the	following	criterion	also	applies.	
			
• the	 isotope	 ratio	 of	 the	 peak	 in	 the	 sample	must	 be	within	 20%	 of	 the	 average	 value	
determined	for	the	2	calibration	standards	run	for	that	sample	batch.	If	it	falls	outside	this	
range,	 then	 you	must	 consult	 your	 supervisor,	 but	 it	 is	 likely	 that	 the	 peak	 cannot	 be	
quantified	due	to	a	co-eluting	interference.	For	example,	for	trichlorinated	PCBs,	where	2	
m/z	values	are	monitored	 (i.e.	 255.95	and	257.95)	 the	 isotope	 ratio	=	area	of	peak	 for	











1	 Grand	Union,	Brentford	 5.28	 8.0	
2	 Chiswick	Bridge	 3.00	 11.0	
3	 Barnes	Bridge	 2.44	 13.0	
4	 Hammersmith	Bridge	 1.32	 15.0	
5	 Chelsea	Creek	 2.08	 22.0	
6	 Vauxhall	Bridge	 2.78	 26.0	
7	 Lambeth	Bridge	 2.42	 27.0	
8	 Millenium	Bridge	 0.55	 30.0	
9	 Butlers	Wharf	 3.12	 32.0	
10	 Cuckold’s	Point	 6.05	 34.0	
11	 Millwall	 1.22	 36.0	
12	 Deptford	Creek	 3.43	 37.0	
13	 Blackwall	Tunnel	 5.86	 38.0	
14	 Greenwich	Pier	 1.96	 40.0	
15	 Bow	Creek	 3.09	 41.0	
16	 Bugsby’s	Reach	 2.25	 42.0	
17	 Silvertown	 2.09	 43.5	
18	 Gallions	Reach	N	 2.95	 47.0	
19	 Gallions	Reach	S	 2.50	 48.0	
20	 Beckton	Creek	 2.89	 49.0	
21	 Barking		 3.44	 51.0	
22	 Crossness	 3.23	 52.0	
23	 Dagenham	Ford	Pier	 2.41	 53.0	
24	 Fairview	Industrial	Park	 1.99	 54.0	
25	 Erith	 2.24	 56.5	
26	 Dartford		 2.70	 58.0	
27	 Dartford	Marshes	 1.27	 60.0	
28	 Purfleet	 1.87	 61.0	
29	 Dartford	Tunnel	 1.22	 61.5	
30	 Queen	Elizabeth	II	Bridge	 1.16	 62.0	
31	 St	Clement’s	Reach	 1.69	 64.5	
32	 Swanscombe	Marshes	 6.35	 65.0	
33	 Swanscombe	2	 3.11	 65.5	
34	 Tilbury	Power	Station	 1.00	 73.0	
35	 Tilbury		 2.75	 74.0	




37	 Shorne		 3.59	 75.0	
38	 Cliffe		 3.87	 82.0	
39	 Halstow		 4.07	 77.0	
40	 Mucking		 1.25	 83.0	
41	 Canvey	Island	1	 0.67	 83.5	
42	 Yantlet	Flats	2	 0.10	 94.0	
43	 Yantlet	Flats	1	 0.65	 95.0	
44	 Grain	Spit	3	 0.25	 100.0	






	 CS1	 CS2	 CS3	 CS4	 CS5	
	 pg/ul	 pg/ul	 pg/ul	 pg/ul	 pg/ul	
BDE17	 20	 50	 200	 500	 1000	
BDE28	 10	 25	 100	 250	 500	
BDE47	 5	 12.5	 50	 125	 250	
aDP	 5	 12.5	 50	 125	 250	
sDP	 5	 12.5	 50	 125	 250	
abTBECH	 100	 250	 1000	 2500	 5000	
DBDPE	 20	 50	 200	 500	 1000	
BDE99	 1	 4	 20	 80	 400	
BDE100	 1	 4	 20	 80	 400	
BDE153	 1	 4	 20	 80	 400	
BDE154	 1	 4	 20	 80	 400	
BDE183	 1	 4	 20	 80	 400	
BDE196	 1	 4	 20	 80	 400	
BDE197	 1	 4	 20	 80	 400	
BDE206	 1	 4	 20	 80	 400	
BDE207	 1	 4	 20	 80	 400	
BDE208	 1	 4	 20	 80	 400	
BDE209	 1	 4	 20	 80	 400	
HBCDs	 1	 4	 20	 80	 400	
TBBPA	 1	 4	 20	 80	 400	
HBB	 1	 4	 20	 80	 400	
EHTBB	 1	 4	 20	 80	 400	
BEHTEBP	 2	 8	 40	 160	 800	
BTBPE	 2	 8	 40	 160	 800	
PBEB	 2	 8	 40	 160	 800	
TBP	 0.5	 2	 10	 40	 200	
BB153	 1	 4	 20	 80	 400	
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Table	10-2	continued	 	 	 	
IS	 pg/ul	 pg/ul	 pg/ul	 pg/ul	 pg/ul	
MBDE28	 100	 100	 100	 100	 100	
BDE77	 100	 100	 100	 100	 100	
BDE128	 100	 100	 100	 100	 100	
MBDE209	 200	 200	 200	 200	 200	
MEHTBB	 200	 200	 200	 200	 200	
MBEHTBP	 200	 200	 200	 200	 200	
MBTBPE	 200	 200	 200	 200	 200	
MHBCD	 100	 100	 100	 100	 100	
MTBBPA	 100	 100	 100	 100	 100	
SS	 pg/ul	 pg/ul	 pg/ul	 pg/ul	 pg/ul	



















Congener	 DF	(%)	 Median	 Average	 Range	 Median	 Average	 Range	
	
	 	 values	in	µg	kg-1	dry	weight	 values	in	µg	kg-1	organic	carbon	
BDE-17	 24	 <0.4	 <0.4	 n.d.	–	<0.4	 <0.4	 <0.4	 n.d.	–	<0.4	
BDE-28	 27	 <0.2	 0.4	 n.d.	–	4.0	 <0.2	 12	 n.d.	–	116	
BDE-47	 53	 <0.03	 0.2	 n.d.	–	2.5	 <0.03	 6.7	 n.d.	–	48	
BDE-99	 71	 0.5	 0.8	 n.d.	–	4.4	 15	 28	 n.d.	–	130	
BDE-100	 60	 0.05	 0.2	 n.d.	–	1.1	 <0.01	 4.2	 n.d.	–	21	
BDE-153	 16	 <0.01	 0.03	 n.d.	–	0.6	 <0.01	 1.2	 n.d.	–	33	
BDE-154	 22	 <0.03	 <0.03	 n.d.	–	0.2	 <0.03	 <0.03	 n.d.	–	10	
BDE-183	 71	 0.05	 0.1	 n.d.	–	0.7	 0.4	 3.3	 n.d.	–	23	
BDE-196	 64	 0.02	 0.1	 n.d.	–	2.2	 1.0	 4.4	 n.d.	–	41	
BDE-197	 51	 <0.04	 0.5	 n.d.	–	5.0	 <0.04	 15	 n.d.	–	95	
BDE-206	 96	 2.6	 3.3	 n.d.	–	11.7	 115	 135	 n.d.	–	389	
BDE-207	 58	 0.06	 0.4	 n.d.	–	2.3	 3.6	 13	 n.d.	–	60	




Nr	 BDE17	 BDE28	 BDE47	 BDE99	 BDE100	 BDE153	 BDE154	 BDE183	 BDE196	 BDE197	 BDE206	 BDE207	 BDE209	
1	 0	 0	 2.51	 4.44	 1.11	 0.55	 0.23	 0.72	 2.15	 5.02	 9.51	 2.32	 352.88	
2	 0	 0	 0.47	 1.78	 0.37	 <LOQ	 <LOQ	 0.19	 0	 1.92	 5.17	 1.05	 278.55	
3	 0	 0	 0.69	 1.44	 0.24	 0	 0	 0.04	 0.01	 1.83	 4.72	 0.69	 209.28	
4	 0	 0	 <LOD	 0.16	 0.04	 0	 0	 <LOQ	 0	 1.23	 0.38	 0.01	 33.36	
5	 0	 0	 0	 0.2	 0	 0	 0	 0	 0.02	 0.41	 2.87	 0.31	 148.46	
6	 0	 0	 0	 0.36	 0.03	 0	 0	 0	 0	 0.68	 2.13	 0.05	 148.35	
7	 0	 0	 0.12	 0.86	 0.1	 0	 0	 <LOQ	 0.03	 0.19	 3.18	 0.15	 195.59	
8	 0	 0	 0	 0	 0	 0	 0	 <LOQ	 0	 0	 0	 0	 4.63	
9	 <LOD	 2.26	 1.08	 2.61	 0.5	 <LOQ	 0.13	 0.22	 0.34	 <LOQ	 11.72	 1.87	 534.90	
10	 0	 0	 0.18	 1.72	 0.28	 0	 <LOQ	 <LOQ	 0.01	 0.84	 6.98	 0.97	 380.40	
11	 0	 0	 0	 0	 0	 0	 0	 <LOQ	 0.02	 <LOQ	 0.49	 0	 54.12	
12	 <LOD	 1.81	 0.1	 0.27	 0.12	 0	 <LOQ	 0.33	 0.2	 2.23	 3.12	 0.79	 117.41	
13	 0	 0	 0	 0	 0	 0	 0	 <LOQ	 0	 0	 0	 0	 0.64	
14	 <LOD	 <LOQ	 0.37	 0.94	 0.24	 0.22	 0.2	 0.45	 0.02	 <LOD	 5.47	 0.89	 214.46	
15	 0	 <LOQ	 0.09	 2	 0.42	 0	 <LOQ	 0.13	 0.07	 0.44	 7.77	 0.48	 409.82	
16	 <LOD	 0	 0.26	 1	 0.25	 <LOQ	 <LOQ	 <LOQ	 0.02	 1.67	 7.09	 0.77	 313.95	
17	 0	 <LOD	 0	 0	 0	 0	 0	 0	 0	 <LOQ	 0.41	 0	 57.64	
18	 <LOD	 2.6	 0.17	 1.42	 0.24	 0	 0	 0.13	 0.04	 0.49	 9.73	 0.67	 507.25	
19	 <LOD	 0	 0	 <LOQ	 0	 0	 0	 <LOQ	 0.14	 0.3	 1.53	 0.09	 116.88	
20	 <LOD	 2.92	 0.21	 1.95	 0.39	 0	 <LOQ	 0.11	 0.02	 <LOQ	 8.49	 1.62	 389.33	
21	 0	 3.99	 1.31	 2.07	 0.53	 0	 0	 0.07	 0.06	 <LOQ	 7.09	 1.32	 350.64	
22	 0	 1.89	 0.3	 2.06	 0.39	 0	 0	 0.12	 0.81	 1.89	 8.92	 1.63	 427.37	
23	 0	 0	 0.19	 0.17	 0.07	 0	 0	 <LOQ	 0.01	 0.48	 2.78	 0.22	 163.87	
24	 0	 0	 <LOQ	 0.56	 0.08	 0	 0	 0.03	 0.13	 0	 6.6	 0.25	 332.54	
25	 <LOD	 0	 0	 0.46	 <LOQ	 0	 0	 0.03	 0.11	 0.11	 5.09	 0.25	 255.98	
26	 0	 0	 0	 0	 0	 0	 0	 0.03	 0.03	 0	 0	 0	 0.41	
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Table	10-4	continued	 	 	 	 	 	 	 	 	 	 	
27	 0	 0	 0.19	 0.49	 0.05	 0.42	 <LOQ	 0	 0	 0	 2.65	 0	 247.41	
28	 0	 0	 0	 0.93	 0.11	 0	 0	 0.04	 0	 0	 3.53	 0.06	 236.64	
29	 0	 0	 <LOD	 0.38	 <LOQ	 0	 0	 0.1	 0.06	 0	 2.61	 0	 155.76	
30	 <LOD	 0	 0.51	 1.51	 <LOQ	 <LOQ	 0	 0.05	 0.01	 0	 1.65	 0.19	 127.33	
31	 0	 0	 0	 0.72	 0	 0	 0	 0.05	 0.07	 0	 5.24	 0.09	 292.85	
32	 0	 0	 0	 0	 0	 0	 0	 <LOQ	 0	 0	 0	 0	 0.10	
33	 0	 1.12	 0	 <LOQ	 0	 0	 0	 0.64	 0.47	 0.85	 0.23	 0	 37.38	
34	 0	 0	 0	 0.17	 0	 0	 0	 <LOQ	 0.02	 0	 3.89	 0	 207.62	
35	 0	 <LOD	 0.1	 1.49	 0.24	 0	 0	 0	 0.11	 0	 1.37	 0	 86.51	
37	 0	 0	 <LOD	 <LOQ	 0	 0	 0	 <LOQ	 0	 0	 0.04	 0	 29.14	
39	 <LOD	 <LOQ	 <LOQ	 0.46	 0.09	 0	 0	 <LOQ	 0.67	 0	 1.51	 0	 87.39	
36	 0	 0	 0	 0	 0	 0	 0	 0.06	 0	 0	 0	 0	 7.12	
38	 0	 0	 0	 0	 0	 0	 0	 0.03	 0	 0	 0	 0	 53.03	
40	 0	 0	 0	 0.29	 <LOQ	 0	 0	 <LOQ	 0.24	 0	 1.96	 0.15	 133.62	
41	 0	 0	 0	 <LOQ	 <LOQ	 0	 0	 <LOQ	 0.04	 0	 0.7	 0.04	 68.51	
42	 0	 0	 0	 0	 0	 0	 	 0	 0	 0	 0	 0	 0.00	
43	 <LOD	 0	 0	 0	 0	 0	 0	 0.04	 0	 0	 0.08	 0	 37.91	
44	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0.56	











Nr		 HBCDDs	 TBBPA	 TBP	 BEH-TEBP	 BTBPE	 DBDPE	 PBEB	 asDP	 EH-TBB	/	ab-DBE-DBCH	/	BB153	/	HBB	
1	 3.54	 0.87	 0.14	 5.65	 1.94	 0	 0	 65.94	 0	
2	 1.86	 0.63	 0.09	 3.23	 <LOQ	 22.49	 0	 0	 0	
3	 2.27	 0.71	 <LOQ	 3.75	 <LOQ	 0	 0	 0	 0	
4	 0.24	 0.3	 <LOQ	 0.42	 0	 0	 0	 0	 0	
5	 1.48	 0.27	 0.09	 1.29	 0	 24.01	 0	 0	 0	
6	 2.76	 0.6	 0.06	 0.59	 0	 0	 0	 1.50	 0	
7	 1.95	 0.52	 0	 2.24	 <LOQ	 0	 0	 0.81	 0	
8	 0.02	 2.62	 0	 0	 0	 0	 0	 0	 0	
9	 6.43	 0.45	 0.11	 10.09	 0.46	 <LOD	 0	 0	 0	
10	 13.29	 0.9	 0	 6.57	 0	 <LOD	 0	 0	 0	
11	 0.17	 0.61	 0	 0	 0	 0	 0	 0.31	 0	
12	 0.73	 1.11	 0.14	 <LOQ	 0.13	 0	 47.50	 0	 0	
13	 0.02	 <LOQ	 0	 0	 0	 0	 0	 0.14	 0	
14	 3.58	 0.39	 0.07	 3.52	 <LOQ	 0	 0	 17.96	 0	
15	 9.78	 0.97	 0.17	 13.74	 <LOQ	 <LOQ	 0	 0	 0	
16	 2.32	 0.62	 0	 5.04	 <LOQ	 0	 0	 0	 0	
17	 0.88	 0.23	 0.16	 0	 0	 0	 0	 0	 0	
18	 38.19	 1.09	 0.16	 12.08	 0.17	 0	 0	 0	 0	
19	 0.54	 0.42	 0	 6.65	 <LOQ	 0	 0	 0	 0	
20	 4.83	 1.51	 0.14	 11.37	 <LOQ	 0	 14.47	 0	 0	
21	 6	 0.69	 0.24	 11.72	 3.53	 <LOD	 0	 0.27	 0	
22	 6.24	 1.39	 0.22	 12.34	 0.1	 0	 0	 0	 0	
23	 0.65	 1	 0.05	 1.5	 <LOD	 0	 0	 0	 0	
24	 3.6	 0.69	 0.13	 5.51	 <LOQ	 0	 0	 0	 0	
25	 3.43	 0.62	 0.18	 9.03	 0	 0	 0	 0	 0	
26	 0.09	 0	 0.16	 0	 3.47	 0	 12.87	 0	 0	
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Table	10-5	continued	 	 	 	 	 	 	
27	 3.7	 0.65	 0.43	 2.27	 1.81	 0	 0	 0.27	 0	
28	 2.08	 0.8	 0.05	 5.23	 <LOQ	 0	 0	 0	 0	
29	 2.23	 0.77	 0.19	 2.72	 <LOD	 0	 0	 0	 0	
30	 2.39	 0.32	 0.07	 2.21	 0	 0	 0	 0	 0	
31	 22.93	 0.68	 0.16	 3.92	 <LOD	 <LOD	 0	 0	 0	
32	 0	 <LOQ	 0.12	 0	 0	 <LOD	 0	 0	 0	
33	 0.7	 0.62	 0.42	 0.35	 3.84	 0	 0	 0	 0	
34	 7.9	 0.35	 0.18	 1.1	 0	 0	 0	 0	 0	
35	 2.82	 0.45	 0.13	 1.5	 0	 0	 0	 0	 0	
37	 0.83	 0.25	 0.17	 0.36	 0	 0	 0	 0	 0	
39	 1.82	 0.25	 0.36	 1.19	 0.16	 <LOD	 0	 0	 0	
36	 0.04	 <LOQ	 0.04	 <LOQ	 0	 0	 0	 0	 0	
38	 1.41	 0.06	 0	 0	 3.8	 <LOD	 0	 0	 0	
40	 0.44	 0.2	 0	 2.11	 <LOD	 0	 0	 0	 0	
41	 0.22	 0.18	 0	 1.09	 0	 <LOD	 0	 0	 0	
42	 0	 <LOQ	 0	 0	 0	 0	 0	 0	 0	
43	 0.06	 <LOQ	 0	 0	 0	 0	 0	 0	 0	
44	 0	 <LOQ	 0	 0	 0	 0	 0	 0	 0	
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